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SUMMARY
Stress relief techniques for measuring stresses have only 
been recently applied to concrete structures. The release of 
stresses due to either hole-drilling or slot-cutting are normally 
measured by surface strain gauging. A new technique is proposed 
in which an instrumented cylindrical inclusion is inserted inside 
a small hole in concrete to measure the stress relief due to 
overcoring.
This thesis describes an experimental development of the 
proposed technique for in-situ stress measurement in concrete 
structures. The analysis, design and fabrication of the 
instrumented inclusion is described and a programme of 
calibration experiments is also described. Two types of 
instrumented inclusions of biaxial and triaxial configurations 
were used for bi-dimensional and tri-dimensional stress 
measurement respectively.
Field trials using the inclusion technique were performed 
with limited success on three reinforced concrete bridges. 
Results of the field testing showed that the technique provides 
an extension of the existing stress relief methods for stress 
measurement by surface gauging. The potential use of the 
inclusion technique for in-situ stress measurement in existing 
structures is recognised but further refinement of the method and 
analysis is also recommended.
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INTRODUCTION
1.1 Introduction
The rapid expansion of transport networks in the latter half 
of the twentieth century has created maintenance problems for an 
increased number of bridge stock . Many bridges constructed 
during that period have been built with structural elements of 
either reinforced or prestressed concrete,and for a design life of 
about 120 years. Although concrete has been traditionally 
regarded as a durable construction material requiring little 
maintenance, many bridges however, are showing signs of 
deterioration at the age of a small fraction of their design 
life. Some of these bridges have been subjected to ever- 
increasing loading with the rise in both traffic flow and maximum 
permissible weights for individual vehicles. In addition, 
reinforcement corrosion and spalling due to ingress of corrosive 
agents and other factors have led to the premature deterioration 
(Wallbank, 1989) and even failure of some structures (Woodward 
& Williams, 1988). The main cause of deterioration reported in 
a survey of 200 concrete bridges in the U.K. in 1989 (Wallbank,
1989), many of which were less than 25 years old, was harmful 
concentrations of chlorides arising fromm de-icing salts, 
compounded by leaking deck joints and inadequate cover to 
reinforcement.
Normally the first indication of problems in existing 
structure is the appearance of cracks on the surface of the 
concrete. The engineer is often left in considerable uncertainty 
about the overall integrity of the affected structure or the 
extent of remedial measures required. The consequences of either 
restricting loads in the interest of safety or of having a 
repair, strengthening or replacing existing weak bridges to carry 
current loads, will clearly have far-reaching engineering and 
economic implications. In general, structural assessment for 
integrity of the affected bridge structures is normally required 
whenever there are signs of possible distress such as excessive 
crackings or deflections and deteriorations, or when an overload
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which may lead to major structural modifications is expected. 
Methods based on design codes are of limited assistance 
particularly for distressed or damaged structures. While 
engineering judgement is paramount to assessment, methods based 
on experimental research are required to provide further 
information.
1.2 Assessment of Existing Structures
The British Code of Practice for the assessment of bridges 
BD 21/84 (Department of Transport, 1984) does not provide 
detailed guidance on the assessment of existing concrete 
structures. It only refers to the relevant part of BS 5400 : Part 
4 : 1990 for concrete bridges (British Standards Institution,
1990), which is the code for design. There are however, some 
important differences which exist between designing a new 
structure and assessing an existing one. The loading to be used 
in bridge assessent specified in BD 21/84 for example is similar 
but not identical to that for design. There are also some 
significant situations where differences may exist between 
conventional design assumptions of distribution and actual 'in­
service* performance. Examples are membrane action in pre­
stressed slabs and in pre-cast load bearing construction. In such 
cases, great economy can result from measuring the existing 
stresses and then using this measurement as a more reliable 
estimate than that calculated from conventional analysis.
The main object of the designer is to design a structure 
whose behaviour under the specified loads is satisfactory in all 
respects. The design code thus specifies checks on both strength 
and serviceability and aims at ensuring that any structure which 
complies with it will be satisfactory. However, structures which 
do not comply may also be satisfactory. The main object of the 
assessor on the other hand, is to check the safety of the 
structure. The assessment code assumes that there is no need to 
check serviceability in older structures since serviceability 
would be visually apparent from the condition survey. However, 
the code also suggests that similar checks should be carried out 
when assessing newer structures. The recently published
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department standard for assessment of concrete bridges BD 44/90 
(Department of Transport, 1990) allows a less conservative
assessments to be made in many cases.
To evaluate the strength of existing concrete bridges or 
their load carrying capacities, their physical condition must be 
considered when establishing their response to externally applied 
load. This requires that a justifiable opinion is formed on the 
significance of any distress observed in any part of the
structure before proceeding with analysis. Field testings are
normally conducted for evaluating the response and understanding 
the behaviour of the existing structure. These can be broadly 
categorised under load testing and material testing. While load 
testing is valuable for assessing overall structural behaviour 
and for assessing assumptions made in design, it does not
however, provide detailed information on material properties. In 
addition, it is also expensive and thus tends to be employed as 
a last resort. Attention is given on the material aspect of 
field-testing using non-destructive or semi-destructive 
techniques which have been increasingly applied to concrete 
bridges over the past years. The use of such techniques has been 
to investigate the causes and extent of deteriorations and 
provides information to enable suitable remedial measures to be 
taken on affected structures (Department of Transport, 1986, 
1988a, 1988*1) . The various non-destructive tests which are
available have been widely described in technical literature (BS 
1881 : Part 200 series, 1984). The principal methods of use for 
concrete structures in general include rebound hammer, ultrasonic 
pulse velocity, Windsor probe, internal fracture method and core­
drilling. The main features of these methods and their uses are 
also described in standard text books (e.g. Bungey, 1989 and 
Neville, 1990).
Material field-testing is usually concentrated towards 
estimating concrete strengths, the in-situ measurement of such 
property for use in assessment calculations is not easy and 
subject to certain inherent difficulties (Cope et al, 1981) :
i) Practical application of test method.
ii) Interpretation of results in the light of test 
calibration and in-situ strength variability.
iii) Interpretation of results for use in calculations.
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It is well established that considerable variations in the in- 
situ concrete strength are to be anticipated due to some factors 
such as compaction, curing and material supply variability. 
Despite the difficulties however, there has been a large increase 
in the successful application of testing techniques to concrete 
bridges as reported in literature. Useful information has been 
obtained by applying a number of testing methods and collating 
the results to form an overall picture of the condition 
prevailing in the structure.
1.3 Strain and Stress Measurement in Concrete Bridges
In recent times, there has emerged a growing interest in re­
furbishment and strengthening of old concrete bridge structures 
requiring appraisal of the existing structures for their 
performance under new conditions. Consequently, there is also 
increasing interest in the development of techniques for 
measuring in-situ stresses in existing concrete structures. The 
measurement of the level of stresses is particularly important 
for design as well as maintenance engineers as it is always 
desirable to compare the actual stresses prevailing in the 
structure with those predicted from conventional analysis. The 
state of stress in old concrete bridges after many years of 
service often requires careful assessment to check their 
performance under increased loading conditions. In addition, some 
of these structures are affected by durability problems leading 
to corrosion of reinforcement or pre-stressing tendons and 
subsequent cracking and spalling of the concrete. The knowledge 
of the level of in-situ concrete stresses is a vital information 
for any remedial stressing or strengthening works as well as to 
assess the effectiveness of any repairworlc.
There are many methods of assessing residual stresses and 
depending on the material used in the structure, the most 
appropriate method can be chosen. However, not until recently, 
there was no established method of stress measurement for 
existing concrete structures. Stress measurement methods have 
been successfully applied in the past for non-conerete material 
which include pressure cells in soil (Trollope & Lee, 1961;
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Thomas & Ward, 1969), hole-drilling techniques for residual 
stress determination in metals (Soete & Vancombrugge, 1950;
Rendler & Vigness, 1966) and overcoring and flat jack methods in 
rocks (Olsen, 1957; Rocha & Silverio, 1969; Rocha et al, 1966).
The heterogenous nature of concrete often prohibits the 
application of the well-established techniques that have been 
developed for more homogenous material. It is realised that the 
determination of a precise indication of stress strain conditions 
in an existing concrete structure is virtually impossible unless 
the structure has been extensively instrumented with appropriate 
strain gauges and thermocouples during the construction stage. 
The general trends in methods of experimental determination of 
strain fields in structural concrete are that :
i) Measurements are made inside the concrete elements and 
not on external surface only. It has been shown that, 
in analysing the state of strain in mass concrete 
structures such as dams, nuclear reactor and deep 
bridge beams, surface measurements and especially 
measurements along one or two directions cannot 
provide sufficient information (Brandt & 
Kasperkiewicz, 1974).
ii) Measurements are made of all six strain components and 
not only of certain arbitrary chosen components. In 
this way a complete stress tensor can thus be 
determined and a three-dimensional stress field 
prevailing in the concrete can be evaluated.
1.4 Strainmeters and Stressmeters for Concrete
Techniques for surface-strain measurements are well known, 
although for a heterogenous material such as concrete, they may 
need to be modified or qualified. The measurements of internal 
concrete strains raises special problem and a variety of strain 
embedment methods and devices has been developed over the past. 
This had also led to development of various types of embedded 
strain meters and stress meters to measure internal strains and
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stresses in concrete elements in the early 50's. Geymayer (1968) 
has reported a study of a number of such strain meters and stress 
meters of different types for embedment in models of mass 
concrete structures. A number of internal strain meters based on 
the use of e.r.s. gauges have been developed in the past. 
Chefdeville & Dawance (1950) described a tubular metal cell with 
e.r.s. gauges mounted on its inner surface. Thoma & Schneebli
(1952) described a technique for encapsulating e.r.s. gauges in 
a thermosetting plastic which was used mainly for measuring 
compressive strains. Fatin (1953) used e.r.s gauges bonded to a 
celluloid strip with copper lugs which were intended to be 
gripped by concrete. Worley & Meyer (1953) used cells made from 
brass foil and thin-walled copper while Krishnaswamy (1968) 
succesfully used aluminium sheeting for the gauge carriers. 
Nielsen (1959) on the other hand placed axial strain cell in a 
small cylinder with closed ends made of beryllium-copper. The 
small cylindrical 'stress gauges' were embedded in concrete to 
act as 'artificial stones' and were used to determine residual 
stresses in unloaded concrete specimens. Commercially available 
polyester gauges are based on a method of strain transfer similar 
to that carried out by Hondros (1962) in his work whereby sand 
grains made to adhere to encapsulation faces were used to 
transfer strains through bond with concrete.
Commercially available strain gauge rosettes are also used 
in various configurations to form the so-called stress gauges for 
measuring three-dimensional strains and stresses in concrete. In 
early works, three-dimensional rosette configurations were made 
up by cementing plane rosettes on three orthogonal planes in 
embedded strain gauge work (Baker & Dove, 1963). Other 
configurations include the star shape gauge arrangement (Brandt, 
1971) and the tetrahedron using nine-gauge device (Brandt, 1973) 
were used in both rock mechanics and concrete research. It is 
realised that, to completely define the three dimensional strain 
pattern at interior points in concrete, is is necessary to use 
at least six strain gauges in the rosette to measure normal 
strains from which the shearing strain components could be 
computed to obtain the complete strain tensor. However, more than 
six gauges were normally used to provide some kind of redundancy 
into the measuring system to serve as an independent checking.
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In general however, the use of electrical resistance strain 
gauges for long-term measurment and monitoring of strains and 
stresses inside concrete elements suffers some inherent
difficulties :
i) Mechanical effects on the gauges during casting of 
concrete for embedment;
ii) Difficulty in obtaining a stable datum of the gauges 
and measuring equipment during long-term measurements;
iii) The effect of stress concentrations induced by the
gauge carriers which are more rigid than the host
concrete (e.g. metal based strain meters);
iv) The variation of strain readings with time due to 
hardening process of certain gauge carriers (e.g. 
strain-gauge cement and glass-fibre reinforcement 
type).
v) Difficulty in obtaining a matching of elastic values 
due to changing of properties with time.
vi) Difficulty in obtaining suitable gauge length relative
to practical aggregate size in order to minimise the 
errors due to effect of aggregate sizes on strain
readings.
By far the more stable gauges used for long-term measurements of 
internal concrete strains are the vibrating-wire strain gauges 
based upon acoustic principles. Embedment gauge for concrete 
using vibrating-wire type was first introduced by Potocki (1958) 
at the Road Research Laboratory U.K.. The basic working 
principles of the vibrating wire gauges are based on earlier work 
by Maihak (1932) and later followed by Mainstone (1953) at the 
Building Research Station U.K., who devised surface-mounted 
gauges for use in structures such as buildings and tunnel 
linings. Rosettes formed from vw gauges embedded in 150mm
diameter cylinders are used for long term stress monitoring in
mass concrete structures such as dams (Ballivy et al, 1986; 
1989). The large size of this type of gauges often limits their 
use mainly in situations where large test areas are available. 
The practical sizes of most bridge structural elements often 
prevents the use of vibrating wire gauges for three-dimensional 
stress measurements in the concrete.
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1.5 Research Need for Stress Measurement in Existing Concrete
Bridge Structures
Existing concrete bridges are rarely equipped with embedded 
strain gauges or thermocouples so that the determination of the 
state of stress and strain prevailing in the concrete presents 
a special problem to the assessment and maintenance engineers. 
In the assessment of a concrete structure, the direct 
determination of the actual stresses is essential to evaluate its 
real mechanical state and to follow up the effectiveness of an 
eventual strengthening operation. The direct measurement of
stresses in existing concrete structure should therefore be a 
subject of study. Devices for the direct measurement of stress 
do exist but are either expensive or still in the development 
stage (Tyler, 1968). Furthermore, the calculation of stress from 
measured strains is complex, as stress increments must be
calculated by iterative methods such as art of creep or
superposition or rate of flow (England, 1965). Some researchers 
have doubt as to the likelihood of a reliable stressmeter ever 
being found, due to the continual moisture movement, shrinkage 
and curing capacity of concrete, but experiments based on stress 
response may provide useful information.
There is not any non-destructive technique which has yet 
been devised for the measurement of in-situ stresses in existing 
concrete structures. The only way is to drill a hole or cut a 
slot in the concrete to locally relieve the stresses and then 
either measure the relaxation strains induced by the cutting or 
apply a known force to restore the original strain field. The 
coring technique has been used to determine the level of
prestress in concrete by measuring the relaxation in strains on 
and around cores drilled from the structure (Lindsell & Buchner, 
1987). There are some source of errors typically associated with 
surface strain measurement methods. For instance, the surface 
concrete may differ from that within the bulk of the material; 
there may also be some residual strains on the surface due to 
shrinkage, creep etc. and it is often difficult to relate the 
measured strains to stresses. Furthermore the method does not 
give precise indication of the strain pattern across the concrete 
section. The slot-cutting method on the other hand is based on 
partial stress release and controlled pressure compensation
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(Abdunur, 1985) and is capable of measuring stress directly 
without the need to determine the material elastic properties. 
The principle of the method is identical to that of flat jack 
method of determining rock stresses (Rocha et al, 1966). The 
method requires the use of special thin circular-blade diamond 
cutter for making the slot and a specially-designed thin flat 
jack for applying the cancelling pressure.
Attention is thus given to the development of an in-situ 
stress measurement technique based upon the concept of overcoring 
method of stress relief which is to be used in conjunction with 
the existing coring technique. The basic principle of the 
proposed method involves drilling a small diameter hole in the 
concrete and inserting an instrumented cylindrical inclusion 
equipped with strain gauges. The inclusion is then subsequently 
overcored by a standard 150mm diameter core bit to measure the 
stress release due to coring. The measured pre-overcoring and 
post-overcoring strains are then used to infer the in-situ stress 
field in the concrete at the coring position. Coring is chosen 
as a method of relieving the stresses on the basis that :
i) Core drilling is very commonly used in routine
maintenance work on existing concrete bridges so that 
no special device is required as a method for 
relieving the stress.
ii) The removal of standard concrete cores allows material 
properties of the concrete to be estimated from 
conventional compression test. (BS 1881:Partl21:1983).
iii) The existing in-situ jacking test (Mehkhar-Asl, 1989) 
can be conveniently applied to the core hole to 
determine the elastic properties in the release 
direction.
iv) The use of surface strain gauges around core position 
can be compared with the internal gauges in the 
instrumented inclusion. Surface measurements can thus 
be compared with those obtained internally.
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1.6 Scope and Objective of Study
The main part of this research work focusses on the 
development of an experimental technique for measuring in-situ 
stresses in existing concrete structural elements based on stress 
relief principle. The objectives of the study may therefore be 
stated as follows:
i) To design and fabricate an instrumented cylindrical 
inclusion for measuring strain relief inside a 
concrete medium.
ii) To devise a method of strain gauging instrumentation 
of concrete core for measuring surface strain release 
during coring.
iii) To devise a suitable method of installing the 
inclusion inside the concrete medium.
iii) To provide method of analysis for estimating stresses 
from measured strains. Such method should be easily 
incorporated in the use of PC.
iv) To develop a simple method of assessing the material 
properties of the concrete from re-loading system on 
the stress-relieved core.
v) To develop an experimental procedure for calibrating
the proposed technique using concrete samples. This
includes :
a) Loading-unloading tests on concrete blocks to 
investigate the applicability of the instrument 
and the analysis.
b) Overcoring tests on concrete blocks and slabs for 
stress determination.
c) Re-loading tests on stress-relieved cores to 
assess stresses and material properties.
v i ) To develop a field application of the proposed
inclusion technique for determining in-situ stresses 
in existing concrete structures.
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2.1 Introduction
Residual stresses are defined as 'self-equilibrating' stress 
components that remain in a structure if external forces and 
moments are removed (Voight, 1967). They are generally thought 
as 'locked-in' stresses associated with previous stress history 
of the material of the structure. There is a considerable amount 
of information available on residual stresses in metal testings 
(Soete & Vancrombrugge, 1950), (Kelsey, 1956), (Rendler &
Vigness, 1965) and rock mechanics (International Society for Rock 
Mechanics, 1987). Studies have been made of the sources of 
residual stresses, their beneficial and detrimental effects and 
various techniques for measuring them. The measurement of these 
locked-in stresses is important because they may influence the 
strength and deformational behaviour of the structural material. 
However, considerably less is known about residual stresses in 
structural concrete. This section reviews the concept of residual 
stress and the principles of stress relief techniques for in-situ 
stress measurements to relate their applicability to structural 
concrete testing.
2.2 Residual Stress Concept ,
The most fundamental concept necessary in the understanding 
of the residual stress phenomena is that of the self- 
equilibrating unit. Since residual stresses exist in the absence 
of loads and moments, they must somehow form self-equilibrating 
units in order that Newton's second law is satisfied. They form 
a set of stresses in equilibrium within the material on which 
external stresses may be superimposed (Jaeger and Cook, 1969) and 
they can only exist in a system of internally balanced forces 
(Varnes, 1970). Residual strain refers to the strain field 
maintained by the residual stress field and should not be 
confused with the permanent set induced by loading a material
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beyond its yield point and then releasing the load to zero. 
Whilst the permanent set can exist with no stress, the residual 
strain cannot exist in the absence of residual stress field. The 
presence of both residual stress and strain fields gives rise to 
the existence of internal residual strain energy.
2.2.1 Residual Stress Mechanisms
In a micro-scale, a purely elastic residual stress mechanism
(Varnes, 1970) may be represented by the qualitative model shown 
in Figure 2.1. Two springs having different constants are
compressed by the same amount and are initially independent of
each other. If they are connected to the same cross-bar which can 
only move parallel to itself, the situation is unchanged as long 
as the loading condition remains static. When the load is 
removed, both elastic springs try to regain their initial 
unstrained positions which results in tension developing in the 
stiffer element while the more flexible element remain in 
compression. Micro-elastic residual stresses may develop when a 
material containing constituents having different coefficients 
of thermal expansion, such as concrete, undergoes a uniform 
change in temperature. On a smaller scale, the self-balanced 
stress fields around dislocations in the crystal lattice is an 
example of elastic residual stresses. Chemically induced volume 
changes can also be the source of non-homogeneous strain that 
induces residual stresses.
(a) Loaded and uocoonccted (b) Loaded and connected (c) Unloaded & connected.
Spring forces locked-m.
Figure 2.1 A purely elastic mechanism (After Varnes, 1970)
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Another model to represent the residual stress mechanism in shown 
in Figure 2.2 in which a self-equilibrating element may consists 
of a spring and a friction block in series connected to a spring 
in parallel. If this unit is loaded beyond the force necessary 
to slide the friction element and then subsequently unloaded, the 
spring in series with the friction element will develop tension 
while the other spring will remain in compression. In this case, 
the residual strain field would not be time dependent. On the 
other hand if a viscous element has been used, the resulting 
strain recovered would be time dependent.
compression
(a) Loaded until block slides. (b) Unloaded and spring forces
'locked in’.
Figure 2.2 An elastoplastic stress mechanism (After Varnes, 1970}
In the macro-scale, which is taken to be orders of magnitude 
greater than the grain size, a macro-dissipative residual stress 
mechanism, which is usually assumed to occur in ductile metals 
is depicted in Figure 2.3. The mechanism shows a plate flexed by 
an external load to the point that yielding occurs on the upper 
and lower surfaces to a depth less than half the thickness of the 
plate. An elastic core remains around the neutral surface of the 
plate. Upon unloading, the elastic core attempts to straighten 
out and regain its original unflexed position which is now 
impossible because of the yielding in upper and lower regions of 
the plate. This results in residual compression occuring in the 
upper fibre while the lower fibre is in residual tension.
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Strain Stress Residual Compression
Figure 2.3 Macroresidual stress mechanism (After Varnes, 1970)
2.2.2 Existence of Residual Stress and Strain in Concrete
Concrete being a heterogeneous material is made of 
constituents with different rheological properties. This include 
the elasticity, viscosity and plasticity of the constituents as 
well as the volumetric influence of temperature and moisture on 
the constituents. Furthermore, concrete undergoes permanently, 
and in particular at an early age, chemical and physical changes 
as a result of the advancing hydration process. This involves 
changes in the rheological properties of the cement paste and 
volumetric changes in the paste.
From a rheological point, concrete consists of various 
phases with different properties such as unhydrated cement 
particles, the hydration products of the cement (crystals and 
gel), inclusions of air, water in different states and 
aggregates graded in a wide range of particle sizes and with 
different mineralogical composition. Residual stresses and 
strains in the absence of any loading regime may thus occur in 
concrete by any of the mechanisms described above. Simplification 
of the structure of concrete into a two-phase system consisting 
of stone aggregates and cement matrix allows the study of the 
heterogeneous stress strain situation in unloaded concrete 
specimens. Laboratory measurement of unloaded specimens and 
strain monitoring of extracted (unloaded) core samples provided 
evidence of the existence of some locked-in stresses in concrete.
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2.2.3 Qualitative System Models of Residual Stress
As an alternative to physical models described earlier, 
numerical models can also be used. These have the advantage of 
being easily adapted to new configurations whenever they are 
encountered and parameter studies can be made to investigate the 
response to changes in relative stiffness, anisotropy, viscosity 
etc.
A finite element model (Varnes, 1970) has been used which 
employs self-equilibrating element composed of eight separate 
elastic springs connected at five nodal points. An example of 
such an element is shown in Figure 2.4. The interior nodal point 
may be eliminated by a substructure analysis leaving only the 
four corner nodes where each of them has two degrees of freedom. 
This basic element may be used as a building block to model a 
regular square or rectangular concrete specimen.
Typical self-equilibrating clement
Finite element model consisting of inter-connected 
self-equilibrating element
Figure 2.4 A simple finite element model for residual stress
Each element in the rectangular array of elements in the 
model shown, is connected to its adjoining elements only at the 
corner nodal points. Residual stresses are induced into the 
elements by allowing the inner springs in each element to have 
different coefficient of thermal expansion than the springs 
forming the other square. The temperature of the model is then
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changed uniformly. If the inner springs have a higher coefficient 
and the temperature change is positive, the inner springs in each 
element will develop compression and the outer ones tension. The 
model at this stage contains residual stresses.
A cut in the outer spring of an element in the model may be 
simulated by reducing the stiffness of that particular spring. 
It should be noted that reducing the stiffness of a particular 
spring in one of the outer elements also reduces the force that 
the spring can exert to help the element maintains its original 
shape. A simulated cut in a single unattached element simply 
results in a change in shape of that element. However, when the 
cut element is part of a larger model, the change in shape is
elastically restrained by the adjoining elements. Consequently,
a cut in one spring in one of the outer elements will result in 
a change in displacement of all of the nodes in the model. A 
similar concept was also used by Hooker et al (1974) to simulate 
overcoring an empty borehole in elastic medium under compressive 
stress field for residual stress measurement.
2.3 Principles of Stress Relief
The stress relief principle used in the measurement of 
residual stresses involves measuring the 'stress relief as a 
results of cutting, coring, etching (or any other means) the 
instrumented section of the material under investigation. The 
relief is determined from the measurement of the change in strain 
induced by the removal of the material. Common techniques include 
'overcoring' and * undercoring' the instrumented section to 
relieve the residual stress fields, although slot-cutting may 
also be employed. The amount of strain relieved is usually 
recorded by bonded electrical resistance strain gauges or 
surface-mounted or embedded vibrating wire gauges or by 
photoelasticity. The various gauging and measurement techniques 
are reviewed in the following sections.
The strain changes recorded in the overcoring case may be 
directly converted to principal stresses and directions provided 
the elastic properties of the material are known. It should be
noted that compressive stress gives rise to extensional strain
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relief after overcoring. In the undercoring case, resort has to 
be made to elasticity solutions that express the stress field 
existing before undercoring in terms of the strain relieved.
2.4 Methods of Stress Relief Measurement
In-situ stress measurements are actually recordings of a 
complex stress state which is made up of components of both the 
residual and the applied stress state. This section reviews the 
different methods used in stress relief techniques for measuring 
in-situ stresses and assesses their relative merits.
2.4.1 Surface Strain Gauging Techniques
Surface strain measurement technique is based upon the 
concept that the extraction of a section of the material in a 
stress field disturbs the equilibrium of the stresses, resulting 
in measurable deformations on the surface of the part, in the 
vicinity of the removed area. The measurement of surface strains 
is accomplished by various types of strain gauging methods.
2.4.1.1 The Overcoring Method
This method basically involves overcoring an instrumented 
section of the material under investigation. The action of 
overcoring relieves the core from the influence of the 
surrounding stresses and the material of the core expands or 
contracts to an unstressed state, the resulting deformations 
being recorded by the instrumentation attached to the core. Olsen 
(1957) strain-relieved electrical resistance strain gauge 
rosettes mounted on rock surfaces by overcoring the gauges with 
a large diameter coring bit.
Demec gauges may also be used by attaching metal pips in 45 
degree rosette arrangement at the core position (Barla & Rossi, 
1983). Demec readings across the four diameters are taken before 
and after the assembly is overcored by a larger diameter coring 
bit. Strain changes due to overcoring can be used to calculate 
the secondary principal stresses provided the elastic properties 
of the concrete are known. The properties are normally determined 
from compression tests performed on the same core previously
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stress relieved. In cases where gauging area is small, a strain 
cell with electrical strain gauge rosettes is attached on the 
surface for overcoring (Barla & Rossi, 1983). The schematic 
representation of the method is shown in Figure 2.5.
Stage 1
Attaching Dcmec points on concrete surface 
in 45 degree pattern. Initial distances across 
the four diameters are measured.
Stage 2
Overcoring of instrumented section by a 
thin-walled bit. Displacement o f surface 
rosette measured after overcoring.
Figure 2.5 Schematics of the overcoring method
2.4.1.2 The Undercoring Method
The undercoring method is often called the hole-drilling 
method or hole-relaxation method since it has already been widely 
used under that name in the measurement of residual stresses in 
metals (Soete & Vancombrugge, 1950), (Kelsey, 1956), (Rendler & 
Vigness, 1966) and the theory and practice are somewhat 
standardised. The method essentially involves drilling a hole in 
the centre of a rosette of strain gauges and relating subsequent 
relaxation strains to the pre-existing stresses in the material. 
The concept has been used to measure surface stresses in mines 
and tunnels (Duvall, 1974). The relaxation strains can be 
measured by means of mechanical gauges (Borecki,1966), (Tsur- 
Lavie et al, 1974), (Brady et al, 1976) or with strain gauges 
(Friedman, 1972) or vibrating-wire strain gauges which are 
normally located at 45° rosette arrangement around the coring 
position.
A typical arrangement for the undercoring method with 
various gauging pattern is as shown in Figure 2.6.
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Demec gauge rosette Vibrating-wire strain gauge rosette
Resistance strain 
gauge rosette
Figure 2.6 Surface strain gauges arrangement for undercoring method
Some of the disadvantages which are common to surface strain 
gauging methods are as follows :
a) The proximity of the gauges to the relief surface may 
influence the strain measurements. This factor is generally 
prominent in the overcoring method especially under high 
strain gradients. The size of the overcoring diameter 
relative to the size of the rosette diameter must therefore 
be considered.
b) Surface strain measurement is also sensitive to the size of 
the aggregate in the concrete matrix. (Binns & Mygind, 
1949), (Cooke & Seddon, 1956), (Berwanger, 1968). If the 
strain gauge size is of the same order as the average 
aggregate size, different results may be expected from 
different gauges with the same orientation depending on 
whether they are predominantly on a grain showing tensile 
or compressive relief. If the gauge size is many times the 
average aggregate size, more consistent results should be 
obtained.
c) Temperature changes can also affect the magnitude of the 
residual strains relieved. The drilling water wets the 
concrete surface as well as the gauges and this gives rise 
to temperature differences which must be taken into 
account.
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d) The presence of microcracks on the concrete surface 
presents another difficulty with surface measurements. If 
a strain gauge spans across a live microcrack which opens 
during the relief process, some of the strains recorded by 
the gauge may actually be rigid body movement rather than 
deformation of the material.
2.A.1.3 Slot-Cutting and Flat-Jack Method
Lieurance (1933) determined the absolute magnitude and 
direction of surface strains in the walls of a tunnel from 
measurements on an equiangular strain rosette. The strain rosette 
was relieved by making a square slot by means of drilling a ring 
of overlapping holes around the area as shwon in Figure 2.7(a). 
Sipperelle & Teichmann (1950) employed a similar technique except 
that a wedge of rock containing electrical resistance strain 
gauge rosette was relieved by sawing it from the surface with a 
diamond saw.
Slots made by overlapping drill boles
Figure (2.7a) Stress relieved section and instrumented points 
introduced by Lieurance.
The stress relief method of slot-cutting was further 
developed by introducing the use of flat-jack method for 
measuring stress. The method which was first described by Habib 
& Marchand (1952) involved mounting two vibrating-wire strain 
gauges on the surface, orienting them to measure in the line of 
intended stress determination and then recording initial strain 
reading. A slot of sufficient area is cut between the strain
1221
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gauges to partially relieve the strain in the proximity of the 
gauges. A flatjack is then inserted and grouted into the slot 
after which the jack is pressurized to a value such that the 
strain gauges indicated their initial value. At this stage, the 
flat-jack pressure is considered equal to the stress normal to 
the plane of the jack that existed in the rock before the slot 
was cut. The grouted flat-jack method is schematically shown in 
Figure 2.7(b).
Panek & Stock (1964) modified the procedure by replacing the 
surface-mounted vibrating-wire strain gauges with copper-foil 
jacketed resistance strain gauges grouted in slots cut above and 
below the intended flat-jack slot. These gauges are placed 
directly over and below the centre of the flat-jack and oriented 
so that they will measure the strains in the direction normal to 
the jack. In a later modification, the e.r.s gauges were replaced 
by small hydraulic cells grouted in similarly placed drill holes.
Figure (2.7b) Principle of slot-cutting and flat-jack method
2.4.1.4 The Modified Flat-Jack Method
In the modified version of the flat-jack method (Rocha et 
al, 1966), the slot has the shape of a segment obtained by means 
of a circular-blade diamond disc cutter. The smooth faces of the 
thin slot allows application of the cancelling pressure by means 
of a flat-jack without mortar grout or other infilling material. 
The smaller the width of the slot, the nearer it is to the basic 
assumptions of the flat-jack method, according to which, the
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effect of cutting the slot can be cancelled by the application 
of a normal force on the major face of the slot. This means that 
the effect of the forces on the face normal to these can be 
neglected.
The typical gauging arrangement used in the method is as 
shown in Figure 2.7(c) in which rosette pattern may be used. The 
same principle of the modified flat-jack method was used by 
Abdunur (1985) in the stress measurement in structures by 
miniaturised stress release.
The main advantage of the flat-jack method is that the 
knowledge of the elastic properties of the material are not 
required. However, for the method to give a valid result it is 
necessary that the gauge reading produced by cutting the slot 
should be annulled by applying to the surface of the slot a 
pressure equal to the pre-existing stress. Because of the 
difficulty in cutting deep slots, the method is restricted to 
near-surface measurements. The area of the flat-jack must also 
be large enough for a better averaging effect against aggregate 
sizes. There is also a risk of leaks occurring during in-situ 
measurement.
________ Chapter 2 Residual Stresses and Stress Relief Techniques________
Slots and reference points in rosette pattern
Figure 2.7c Slot-cutting and flat-jack method (Rocha)
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2.4.2 Photoelasticity Methods
The principle of photoelastic method involves bonding a 
birefringent material using a reflective cement, to the surface 
of the body being studied. When the body is strained under load, 
the strain is transmitted through the cement to the coating where 
isoclinic and isochromatic fringe patterns appear when it is 
viewed through a reflection polariscope. The coating is 
constrained to follow exactly the deformation of the structure 
or workpiece to which it is bonded. The directions of the 
principal stresses and magnitudes of the shear strains in the 
surface of the loaded body can then be obtained directly.
Stress relief method by overcoring has also been used in 
conjunction with photoelastic techniques and common methods 
include the photoelastic gauge method, prestressed meter and hole 
deformation method. These methods are briefly described as 
follows.
2.4.2.1 The Bonded Photoelastic Gauge Method
The method (Hawkes & Moxon, 1965) consists of drilling a 
blind hole into the material under investigation and bonding a 
birefringent plastic disc onto the flattened surface at the end 
of the hole. The end of the hole containing the photoelastic 
biaxial gauge (disc) is then overcored using the same size 
diamond drill bit. This is shown in Figure 2.8. The action of 
overcoring relieves the end of the hole from in-situ stress and 
the gauge is subjected to the relaxation strains. This is 
revealed as a coloured fringe pattern in the gauge when it is 
viewed by polarized light. The pattern can be interpreted 
directly in terms of the directions and magnitudes of the two 
principal stresses in the plane normal to the axis of the hole. 
The accuracy of the technique is a function of the thickness and 
photoelastic sensitivity of the gauge. Hiramatsu et al (1957) 
developed a photoelastic gauge consisting of a glass plug, the 
back surface of which is silvered. This plug was cemented in a 
hole and the change in stress determined with a polariscope.
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x After overcoring
Figure 2.8 Stress relief with photoelastic gauge {Hawkes & Moxon)
2.4.2.2 The Photoelastic Stressmeter
In this technique (Roberts et al, 1964,1965) a meter 
containing a solid plug of special optical glass is inserted into 
a hole and prestressed against two diametrically opposite points 
of the hole. The action of prestressing loads the plug and the 
fringe order at the centre being directly proportional to the 
diametral load. Overcoring the hole relieves or increases the 
meter reading which by calibration and calculations (Hast, 1958) 
can be related to the component of residual stress in the 
direction of the diametral load. In order to obtain the complete 
biaxial stress field in the plane of the hole, three such 
measurements at specific angles are required. The sensitivity of 
the meter is a function of its length and optical properties. The 
technique is illustrated in Figure 2.9.
Figure 2.9 Overcoring photoelastic stressmeter (Roberts et al, 1965)
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2.4.2.3 Hole-Drilling Photoelastic Coating
This technique (Holister, 1966) is based on measurement of 
deformations in the vicinity of a drilled hole rather than the 
measurement of a stress relief core. A birefringent coating is 
bonded to a structure which contains residual surface stresses 
and a hole is subsequently drilled through both the coating and 
the surface of the structure. The action of hole drilling results 
in redistribution of the residual stress system due to the 
presence of the hole. At any point in the coating the 
birefringence produced will be proportional to the change of 
stress in the structure at that point due to the redistribution. 
Thus on drilling a hole into the structure,a symmetrical fringe 
pattern will be observed around the hole, the axes of symmetry 
giving the axes of principal stresses. Knowing the thickness and 
strain sensitivity of the coating and the material properties of 
the structure, the magnitude, nature and directions of the 
principal residual stresses in the structure may be determined.
Another similar method is the holographic in-situ 
stressmeter (Bass & Ahrens, 1986; Smither et al, 1988) which 
records small displacements on the wall of a drilled hole (10 mm 
diameter) by holographic interferometry. The stress on the hole 
wall is locally relieved by drilling a new small hole which lead 
to displacements in the order of 10'6 m and this is captured on 
a double-exposure hologram by superimposing two images on the 
same film. The first image is of the undisturbed hole wall and 
the second is of the wall after the stress relief hole has been 
drilled. When the film is developed and the hologram is 
reconstructed, a pattern of interference fringes is seen which 
are a record of the induced three-dimensional displacement field. 
Modelling of this displacement field provides information of the 
stresses acting on the area of the hole wall near the stress 
relief hole.
The use of photoelastic methods is generally limited to 
areas in which visual observation may be taken. Difficulties may 
also occur in bonding the photoelastic coating on damp concrete 
surfaces. Differrence in the coefficient of thermal expansion 
between the photoelastic gauge and the concrete can give rise to 
errors if there is appreciable temperature change during in-situ
Page 25
Chapter 2 Residual Stresses and Stress Relief Techniques
stress measurement. In the stress-relief method there is also a 
possibility of temperature errors if the drilling water used for 
overcoring is at a different temperature from that of the 
concrete. In the hole-drilling of photoelastic coating in 
concrete structure, the hole size should not be less than the 
average size of the aggregate. The holographic stressmeter method 
uses relief hole much smaller than the practical aggregate sizes 
and may not be representative of the bulk of the concrete.
2.4.3 Jack Fracturing Technique
This is a method for determining initial state of stress by 
strain relief measurements without overcoring. It involves the 
measurements of the strain relief that occur at the periphery of 
a hole upon fracturing with a jack (Goodman et al, 1968). The 
procedure of the technique is as illustrated in Figure 2.10 in 
which the jack is inserted into a hole and expanded until the 
bearing plates are seated against the sides of the wall. The 
friction gauges (Hoskins, 1972) incorporated with the jack are 
then impressed to the unloaded walls of the hole and preliminary 
strain readings are obtained. The jack is now further extended 
until axial fractures of adequate depths are generated and with 
the fractures kept open, the materials in the vicinity of the 
cracks will be destressed. The final strain readings are obtained 
and the initial state of strain at the points are the negative 
equivalents of the differences between the final and preliminary 
readings.
In jack fracturing, only a portion of the periphery of the 
hole is completely stress relieved while some portions are 
partially relieved and the rest are even further stressed. The 
loaded quadrants are under very high radial, tangential and shear 
stresses. The friction gauge impressed at the periphery of the 
hole before jack fracturing would therefore measure strain relief 
after fracturing. From a minimum of three tangential strain 
relief measurements at different orientations, the two­
dimensional stress system in the plane perpendicular to the axis 
of the hole can be calculated by using elasticity theory.
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J»ck fracturing generalised 
es pUflo-stmin problem
The hole loaded to frcature and strains A measured by gauges
Figure 2.10 Jack Fracturing procedure
FrcMon against hole
Sections A-A
Borehole jack seated inside a hole
The main limitation of this particular method of stress 
measurement is that the use of small strain gauges presents 
problems associated with heterogeneity of the material under 
investigation. Furthermore, the use of elasticity equations 
requires the precise knowledge of the elastic properties of the 
material. However, the jack can be used to determine in-situ 
modulus as a preliminary step in the method and this concept can 
be applied to the structural concrete testing.
2.5 Summary
The basic concept of residual stress as self-equilibrating 
and locked-in stresses has been reviewed from available 
literature on the subject. This concept is very much established 
in the field of metallurgy and rock mechanics investigation. 
Stress relief techniques for the determination of in-situ 
stresses have been reviewed based upon works which have been 
developed in rock mechanics and minning engineering and only 
those which have certain relevance and applicability to concrete 
testing are being considered. It is realised that the heterogeneous 
nature of concrete may present some difficulties in the use of 
the relief techniques which have been applied on less heterogeneous 
materials. Such relief techniques are defined in general, as
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methods or procedures of wholly or partially isolating a specimen 
of the material under investigation from the surrounding stress 
field. This isolation of material specimen disturbs the 
equilibrium of the stress field resulting in measurable 
deformation in the 'relieved' section. The measurement of the 
'relief' based upon the change in strain in the instrumented 
section can be used to infer the state of in-situ stress at the 
point of measurement. These methods fall into mainly three 
relevant categories :
i) those which isolate a cylindrical or rectangular 
section of the material by drilling an annular ring of 
overlapping drill holes (stitch-drilling);
ii) those which remove the section of the material from a 
slot (slot-cutting);
iii) those which involve coring the instrumented section of 
the material by adaptations of diamond core-drilling 
techniques (overcoring and undercoring methods).
All the above-mentioned techniques are relevant and some 
have been recently been applied to concrete structures. However, 
their development has not been fully established. The third 
technique employing the standard core-drilling procedure will be 
considered in this study based on the following reasons :
i) The general size of concrete structures often limits 
the size of instrumentation area. The first technique 
is therefore not suitable for a majority of 
structures. The use of stitch-drilling is also not 
very economical and may cause adverse effect to the 
structure due to significant loss of material.
ii) Core-drilling is most commonly used in field testing 
of concrete structures as routine maintenance 
procedure. The use of standard coring operation thus 
obviates the need for specially designed equipment for 
stress relieving.
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INSTRUMENTED INCLUSION METHOD FOR STRESS MEASUREMENT
3.1 Introduction
The heterogeneous stress-strain states in concrete and 
methods for measuring stresses from strains within or on the 
surface of concrete elements have been previously studied by Hast 
(1943), Coutinho (1949), Carlsson (1952), Loh (1954) and Dantu 
(1957). Coutinho introduced the use of inclusions of relatively 
high modulus of elasticity as instruments for the determination 
of stress in concrete. Noel (1971) used cores instrumented with 
vibrating-wire gauges as inclusions to determine internal strains 
in concrete structures. Ballivy et al (1986) used 150mm diameter 
concrete cylinder equipped with vibrating wire rosette for long 
term stress measurement in dams.
Several inclusion techniques with overcoring have been 
proposed in the rock mechanics literature to measure the state 
of stress in-situ. Some of them use instrumented probes which can 
be described as either rigid or soft solid inclusions or hollow 
inclusions. Such instruments include high modulus borehole plug 
by Wilson (1961) or solid epoxy probes proposed by Rocha & 
Silverio (1969) and Blackwood (1977) or the hollow inclusion 
cells proposed by Worotnicki & Walton (1976) and Rocha et al 
(1974). Whilst these inclusion methods are quite fully 
established in rock mechanics, their potential use in concrete 
structures is generally not fully realised. This section reviews 
the types and principles of various inclusion methods to relate 
their applicability to structural concrete investigation.
3.2 Principle of Overcoring Inclusion Method
The basic technique of measuring in-situ stresses involves 
drilling a pilot hole into a structure and inserting an 
instrumented inclusion. The instrumented section of the core is 
then concentrically overcored using a larger diameter drilling
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bit. The action of overcoring relieves the core from the 
influence of the surrounding stresses and the material of the 
core expands or contracts to an unstressed state, the resulting 
deformations being recorded by the instrumentation attached to 
the core via the inclusion. The inner hole section is 
instrumented in such a way as to measure deformations or strain 
changes induced by stress relief due to overcoring action. This 
is directly related to the magnitude and orientation of the 
stress change induced in the overcored annulus, both for 
instruments which allow the hole to deform as though it were 
empty or which act as an isotropic elastic welded inclusion which 
restrains hole deformation to an extent dependent upon the 
elastic properties of the inclusion and the host material. The
resultant change in strain readings from pre-overcoring to post­
overcoring represents the measurement of residual strains 
released as a result of overcoring. The in-situ stress field may 
then be inferred if the material properties are known.
The determination of the relative magnitudes and 
orientations of the stresses as the result of stress-relief 
overcoring is based on the following assumptions :
i) The material exhibits non-elastic, time-dependent 
strains;
ii) The total measured elastic and non-elastic strains are 
proportional to the total strain which existed in the 
material prior to the stress relief as long as the
material can be considered as isotropic;
iii) The elastic properties determined by laboratory 
methods are identical to the in-situ values;
iv) Strain and stress ellipses calculated from the 
measured released strains are orientated and of 
proportional magnitudes to the stress field in the 
material prior to stress relief overcoring.
3.3 Rigid Inclusion Principle
Rigid inclusions are gauges which significantly influence 
the deformation of the hole into which it is inserted, either 
actively through the application of pressure or passively because 
of their high rigidity relative to the host material. It has been 
shown by Goutinho (1949) that provided the overall modulus of the 
inclusion is substantially greater (about 5 times) than that of
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the host concrete, the strain measured in the inclusion is 
theoretically dependent on the stress alone and accurate 
knowledge of the concrete stress-strain relationship is not 
required. Thus in such condition, no accurate knowledge of the 
modulus of the host concrete is required and the changes in 
modulus during in-situ measurement are of no significant 
importance.
The relationship between stresses in a solid cylindrical 
inclusion to those in the surrounding host material was 
calculated by Sezawa & Nishimura (1931) for ideal elastic solids 
and given by,
ap0 = Aop2 + Baq2 and °q0 = Aaq2 + Bap2  {3-1>
where ap(j and a g are the principal stresses in the surrounding 
host material, o^ and are the corresponding principal
stresses in the solid inclusion, and A and B are constants 
generally known as theoretical stress factors, depending on the 
elastic properties of the host and inclusion material. Coutinho 
(1949) gave very complex formulae for the determination of the 
constants and they are simplified by Wilson (1961) as,
(l+v2) (3-4v2) E0 i 5-4v0
8(l-v0) (l+v0) ‘ E2 8 (l-v0) ................
(1+V2) (1-4V2) E0 4V0-1
8(l-v0) (1 +v o) ‘ E2 8 (l-v0) ................
where Eg and E 2 are the moduli of elasticity of the surrounding 
material and the inclusion respectively and Vg and v2 are the 
relevant Poisson's ratios. Coutinho plotted values of A and B 
against the ratio of Ej/Eg and deduced that for large values of 
the ratio, the values of A and B are almost constant. Thus for 
large ratio of the modulus of inclusion to that of host concrete, 
the inclusion will act as a rigid stressmeter independent of the 
magnitudes of changes of strain in the surrounding material. If 
B is sufficiently small to be neglected, A is approximately the 
ratio of the stress in the surrounding material to the stress in 
the inclusion. Although the higher the modulus of elasticity of 
the rigid inclusion the more constant will be the values of the
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theoretical stress factors, but the smaller will be the strains 
and the less accurate their measurement. Thus a compromise must 
be sought in choosing the ideal modulus for the inclusion.
3.4 Soft Inclusion Principle
Soft inclusions having moduli less than the host material 
into which they are inserted, do not significantly alter the 
deformation of the hole that would occur in the absence of the 
inclusion. The hole wall displacements will depend only on the 
stress changes in the neighbourhood of the inclusion through the 
constitutive equations of the host material alone. Muskhelishvili
(1953) provided an expression for the radial displacement in an 
elastic disc (Young's modulus E2 ) of radius R+e inserted into a 
circular hole or radius R in an elastic plate (Young's modulus 
Eg) which for a uniaxial loading case is given as follows :
_ e(l—v2)  pr (l-v2)______
(l+v0) +(l-va) E0[{l+v0) | U ( i - v 2) ]
" 0  " 0
2pi?(3+V,) _ , .
2 -----------------COS20    (3.4)
•So t ( 5  - v 0 )  ^+ ( 3  + v 2) ]
“ 0
A simple analysis may be made to define the conditions under 
which the above equation may be simplified, by an examination of 
its sensitivity to various values of the elastic constants for 
the inclusion (disc) and the host materials. For a given value 
of Poisson's ratio, it can be shown that when the ratio of Ej/Eg 
approaches 1/100, the value of radial displacement vf does not 
vary significantly from that of the limiting case when E2 = 0  i.e. 
no inclusion. For a given ratio of Ej/Eg^/lOO, it can be shown 
that the displacement vr is relatively insensitive to variations 
in the Poisson's ratios over the major range of physical 
materials that may be used in practice. It may therefore be 
concluded that the radial deformation of a compressed disc 
inserted into a hole in an infinite plate, subjected to a 
uniaxial or biaxial stress field is independent of the Poisson's
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ratios of the disc and the host material and the Young's modulus 
of the disc material, provided that the ratio E2/II0 £1/100. 
Materials having moduli which satisfy this ratio fall into 
category of soft inclusions.
3.4.1 Solid Cylindrical Inclusion
A soft solid cylindrical inclusion used in stress relief 
method by overcoring has a main disadvantage in that on 
overcoring, tensile stresses are developed at the interface which 
may be sufficiently large enough to break the bond between the 
inclusion and the host material. The analysis of the solid 
inclusion is complicated by the fact that the effect of the size 
of the overcoring diameter must be included unless it is 
substantially larger than the pilot hole diameter. Duncan Fama 
(1979) pointed out that for the ratio of Ej/Eq less than 0.05 and 
overcoring diameter of about three times greater than that of 
pilot hole, the effect is negligible. By using low modulus epoxy, 
the effect of ignoring overcoring diameter may also be minimised 
and the tensile stresses at the interface may also be reduced 
(Blackwood, 1977).
3.4.2 Hollow Cylindrical Inclusion
Hollow cylindrical inclusion can be used to overcome the 
failure of the interface bonding between the inclusion and the 
host material. The tensile stresses developed at the interface 
due to overcoring are relatively small in the case of hollow 
inclusion because the radial stress at the inner surface of the 
inclusion must be zero. In the technique developed by Rocha et 
al (1974) and Worotnicki & Walton (1976), the strain gauges are 
embedded in a thin-walled epoxy cylinder and the instrument is 
referred to as a hollow inclusion triaxial stress gauge. When a 
hollow inclusion is cemented to the host material, the strains 
induced in the inclusion by overcoring can be related to the in- 
situ stress state by a linear elastic analysis. Because of the 
soft nature of the hollow inclusion, the stresses and strains in 
the host material are disturbed only in a region very close to 
the inclusion (about one diameter of the probe). Hence provided
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the overcoring is done away from this region the strains observed 
in the inclusion are the same as if the overcoring diameter were 
very large. Duncan Fama & Pender (1980) suggested that a solid 
inclusion should not be used unless the ratio of the modulus of 
the inclusion to that of the host material is very small as being 
used by Blackwood (1977) or the level of in-situ stress normal 
to the inclusion is known to be low. When these conditions are 
not satisfied a hollow inclusion should be employed and where the 
modulus ratio is not small and the in-situ stress level high it 
may be necessary to use hollow inclusion of minimal thickness as 
proposed by Rocha et al (1974) and Worotnicki & Walton (1976).
3.5 Types of Inclusion Instrumentation
This section reviews the various techniques of instrumenting 
cylindrical inclusions with electrical resistance strain gauges. 
The main purpose of this review is to study the various existing 
techniques of instrumentation in order to assist the design and 
construction of the proposed inclusion to be used in concrete. 
The strain gauges attached to the inclusion are used for 
measuring strain release as a result of overcoring the inclusion. 
The pre-overcoring and post-overcoring strains recorded in a 
single measurement are used to predict changes in the secondary 
principal stresses for biaxial instrument and the change in the 
full stress tensor in the case of triaxial instrument. These two 
types of inclusion depend on the way the strain gauges are 
attached. The choice of using either of these two types very much 
depends on the various factors such as types of material, loading 
condition on the structural elements and the test conditions.
3.5.1 Biaxial Elastic Inclusion
A version of high modulus plug by Wilson (1961) consists of 
two halves of brass cylinder in which foil resistance strain 
gauges and associated wiring are contained in a small recess 
inside one of the sections. The two halves of the plug are 
cemented together to form a solid biaxial inclusion. This is 
shown in Figure 3.1.
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Strain gauges attached in a recess in one half of brass plug 
(longitudinal section X-X)
Another half of the brass cylinder ready for joining
Strain
©L
on the inner surface of 
lusion (After Wilson)
Figure 3.1 High Modulus Brass Inclusion Stressmeter (Wilson, 1961)
Another version of rigid biaxial inclusion stressmeter is 
a mild steel cylinder in which the strain gauge rosette with 
strains measured in at least three different directions is bonded 
to a diametric section as proposed by Spathis & Troung (1987). 
The layout of the strain rosette is as shown in Figure 3.2. The 
body of the inclusion is knurled so that a perfectly welded 
contact is achieved when it is bonded into a hole using a thick 
layer of high modulus cement.
Three strain proe rosettes on the Eight strain gauge rosettes Strain gauge rosette an the vertical
inner circumference of the hollow inclusion arrangement (After Matsuki) cylindrical mchiaaoo
(After Jordan) (After Spathis A Troung)
Figure 3.2 Rosette arrangement for biaxial inclusion
Other versions include the three strain gauge rosettes 
attached on the inner circumference of a hollow cylinder (Jordan, 
1965) or the eight gauges arrangement in hollow inclusion 
(Matsuki, 1987) as shown in Figure 3.2.
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3.5.2 Triaxial Instrumented Inclusion
In a triaxial instrument which is capable of determining 
change in full stress tensor, three-element strain gauge rosettes 
are positioned around the circumference of the inclusion at 
positions 0=0, 0=7t/2 and 0=57t/4. The positioning of the rosettes 
was originally proposed by Leeman (1968) and later further 
developed for hollow inclusions by Rocha et al (1974) and Pender 
(1977).
The location and orientation of the strain gauge rosettes 
are as shown in Figure 3.3 from which it can be seen that, at 0=0 
and 0=5k/4 the three gauges are in directions <{>=0, 7t/2, jx/4 and 
at 0=7i/2 the directions are <{>=0, 7t/2, -n/h. The gauge 4>=0
measures ez, <j>=rc/2 measures e^ and <J»=±ti/4 measures e ^ . The three 
measurements for e2 are normally averaged to give a most probable 
value for e . The redundance in the strain measurements provides 
a means of calculation by least squares method.
#-45
Orientations and positions of the 
strain gauge rosettes on the 
instrumented cylindrical inclusion #-o
inchisioii
Strain gMugc rosettes embedded in a 
thin-walled hollow cylindrical inclusion
Figure 3.3 Strain gauge layout and coordinate system
e-5n/4
0-x/2 Z
In another type of triaxial inclusion proposed by Rocha & 
Silverio (1969) and Blackwood (1973), ten biaxial strain gauges 
are bonded to two orthogonal diametric planes and to a plane
normal to the axis of an epoxy cylinder, satisfying the
requirement that strain observations be taken in the x, y and z
directions and in the xy, yz and zx planes at 45° to the
principal directions. The arrangement of the strain gauges on an
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epoxy unit is as shown in Figure 3.4. The strain-gauged unit is 
then encapsulated to form a complete cylindrical inclusion.
Position of strain gauges cm a small Encapsulated strain-gauged Cube in epoxy cylinder
epoxy cube unit (After Rocha & Sflverio)
Figure 3.4 Arrangement of strain gauges
3.5.3 Photoelastic Inclusion
Another method of stress measurement involves the use of 
cast-in-place epoxy inclusion (Riley et al, 1977). The basic 
scheme is to drill a small pilot hole (1.5 inches diameter) and 
then fill with liquid epoxy resin of known properties. After the 
epoxy has hardened, the hole is then overcored and the stress- 
relieved core containing the cylindrical epoxy inclusion is 
removed. The basic scheme is as shown in Figure 3.5.
Figure 3.5 Cast-in-place photoelastic inclusion
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Assuming a compressive stress field in the structure, the 
core annulus will have expanded upon overcoring and the epoxy 
will be in tension. The recovered core is then sectioned into 
slices and analysed for stresses in two-dimensions using theory 
for biaxial photoelastic strain gauges as presented by Hawkes & 
Fellers (1969). From the photoelastic fringe patterns developed 
in the inclusion and using the theoretical equations, it is 
possible to determine the directions of the principal stresses, 
the principal stress ratio and the magnitude of the major 
principal stress. Different types of inclusion meter can be 
obtained by using epoxy of different moduli. A soft inclusion is 
obtained when the ratio of modulus of host material to that of 
the inclusion (Eq/Ej) is less then 1/5. The inclusion will behave 
as a hard inclusion when the ratio is greater than 10 and is 
termed as photoelastic stressmeter since the stress induced in 
the gauge is independent of the host modulus.
One of the disadvantages of this technique is that material 
properties of the epoxy especially the Poisson's ratio must be 
precisely known and certain corrections are necessary for thermal 
and casting stresses as well as the time-dependent behaviour of 
the epoxy. The epoxy used must also be free from any residual 
stresses due to shrinkage etc. Furthermore, the photoelastic 
method depends on a clearly observable fringe pattern, a central 
hole in the inclusion to act as a stress riser and a 
photoelastically sensitive as well as stable epoxy. These 
requirements are often difficult to achieve in practice. In 
addition there are problems associated with temperature effects 
and moisture effects on adhesion to the hole and stability of the 
epoxy with time.
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3.6 Summary
The principles and types of instrumentation of different 
kinds of inclusions for stress measurement have been presented. 
These instrumented inclusions serve as instruments for measuring 
strain release occasioned by the overcoring of the core in a 
structure. The choice of the most appropriate type of instrument 
is influenced by several factors and the prevailing field 
conditions. Such factors include :
i) ratio of the modulus of inclusion to that of host 
material;
ii) the anticipated level of field stress;
iii) the loading condition on the structural element (e.g. 
axial loading or combined bending etc.)
iv) the size of gauging area available which determine the 
size of overcoring diameter.
It is generally thought that instrumentation using 
electrical resistance strain gauges in conjunctions with Demec 
and surface mounted vibrating-wire strain gauges is more suitable 
for in-situ stress measurement as compared to photoelastic 
methods. The latter is subject to many technical difficulties 
related to the use of equipment on site.
The arrangement of the proposed surface gauging method 
employing commercially available gauges to be used in conjunction 
with instrumented inclusion technique are as shown in Figure 3.5. 
The surface gauging pattern comprises arrays of surface-
mounted vibrating wire strain gauges (140mm or 50mm length) and 
the Demec gauges (100mm and 200mm length) arranged in 45° rosette 
fashion. This arrangement allows strains to be measured in 
longitudinal, transverse and 45 degree directions and hence the 
use of rosette equations for determining stresses. The use of an 
extra 45 degree direction strain provides a redundancy in the 
measuring system thus allowing the use of least squares method 
of calculation. The main purpose of the surface strain 
measurement is to provide a cross check on the release 
measurement by the instrumented inclusion. The minimum allowable 
dimension of the gauging area is about 545 mm square. In
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situations where gauging area is limited due to physical 
dimensions of the structural elements, as often the case in 
bridge structures, vw gauges of smaller gauge lengths are to be 
employed. In this case the minimum dimension is about 340 mm 
square. In some cases only the Demec gauges can be used whereby 
the minimum dimension of the gauging area is about 200 mm square. 
The suitable minimum sizes of the gauging area are as shown in 
the figure.
Figure 3.5(a) Minimum dimension of gauging area with Demec 
gauges only
Figure 3.5 (b) Minimum dimensions using 50 mm long vibrating 
wire gauges
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152 mm
20 mm 
50 mm
50 mm
Figure 3.5 (c) Minimum dimension of gauging area with 140 mm 
gauge length vw's
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THEORETICAL BASIS OF INCLUSION PROBLEM
4.1 Introduction
The measurement of stress relief around cored holes in 
concrete elements is one which approximates the elasticity 
problem of stress analysis related to the study of stress 
concentrations around holes and inclusions. This chapter presents 
the analytical treatment of the elastic inclusion problem. The 
solutions to the problem are essentially provided by the method 
of complex stress function (Muskhelishvili, 1953) and the work 
summarised by Savin (1961) for the problem of an infinite elastic 
plate with circular hole into which an elastic ring or disc has 
been inserted. Plane stress and plane strain solutions assumed 
that all the media to be isotropic and homogeneous and that the 
stresses are applied at infinity.
The two-dimensional problem of stress and strain 
distribution around and within an elastic inclusion in a plate 
has also being solved by Sezawa and Nishimura (1931), Coutinho 
(1949) and Goodier (1933) without considering the intervening 
glue layer. The effects of the glue layer which bonds the 
inclusion to the surface of the hole can be considered in the 
boundary conditions assumed at the interfaces. (Sehmi, 1983; 
Matsuki, 1987; Spathis & Troung, 1987).
4.2 Statement of the Problem
The scope of the problem has been divided into two main 
sections as follows :
i) Assessment of the stress strain components distribution in 
the various regions due to hole drilling and overcoring an 
instrumented inclusion in a compressive field.
ii) Assessment of material properties and stresses from a 
system of re-loading on the stress-relieved overcored 
annulus containing the inclusion.
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The geometry of the problem is as shown in Figure 4.1 in which 
the various regions consist of an infinitely large plane 
representing the structural concrete element; a composite ring 
representing the intervening glue layer and a cylindrical section 
representing the instrumented inclusion. All the three cross­
sections of the cored annulus are considered circular and 
concentric. The problem is first considered for uniaxial case and 
can be further extended for biaxial case using the principle of 
superposition.
Sx S*
TfTTfTf
; Concrete medium 
[fe j Intervening glue layer 
Instrumented inclusion
Figure 4.1 Problem geometry for bonded inclusion
4.3 Assumptions
The following assumptions are made in the analytical 
treatment of the inclusion problem:
i) All the media are homogeneous, isotropic and elastic in 
nature and their properties are determinate.
ii) All the media are perfectly welded at the interfaces and 
that the intervening layer is continous and uniform.
iii) The relaxation strain caused by the overcoring is elastic 
and instantaneous and is equal and opposite to the strain 
suffered by the concrete in the unrelieved state. The 
strains induced by overcoring is transmitted to the 
inclusion unchanged.
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iv) The instrumented inclusion is positioned at such a point in 
the structure where the conditions of infinite media can be 
adopted. It is also assumed that the overcoring diameter is 
inf inite.
The validity of these assumptions depends on the magnitude 
of the residual stresses at the interface as compared to the 
tensile or shear strengths of the bonding material. It also 
depends on the distribution of residual stresses in the overcored 
annulus. Rarely in practice however, that the above assumptions 
can be considered as wholly valid for concrete due to the 
presence of microcracking and anisotropy effects due to aggregate 
particles.
4.4 Method of Analysis
The problem has been solved using Muskheslishvili1s method 
of complex stress functions which states that the solution of any 
two-dimensional plane-strain problem can be reduced to finding 
two analytic functions f(z) and ^r(z), in terms of which the 
stresses and displacements which constitute the desired solution 
can be obtained. The functions are orthogonally resolved
components of the resultant applied stresses on the infinite 
media and are considered as biaxially applied stresses in the 
analysis. The solution is obtained by expanding the unknown
complex functions as power series and solving for the
coefficients by applying the boundary conditions at the 
interfaces of the media.
The analysis covers the following problems :
i) The stress strain distribution around circular hole as a 
result of coring in an elastic medium.
ii) The stress strain distribution within and around a grouted 
cylindrical inclusion in an elastic medium with and without 
the effect of intervening grout layer.
iii) The modelling of concentric overcoring of the bonded
inclusion.
iv) Analysis of a triaxial instrumented inclusion for measuring 
a complete stress tensor.
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A.4.1 General Equations for Stress Distribution in a
Plate Containing a Hole Into Which a Ring or Disc 
is Inserted
The solutions are provided by Savin (1961, page 240) based 
upon Muskhelishvili's method of complex stress functions. Savin's 
formulation is used to consider the stress distribution within 
and around an elastic inclusion which has a finite glue layer 
between the inclusion and the host medium as shown in Figure 4.1 
for biaxial case.
The stresses and displacements in the inclusion (Region 1 
where 0<rsR2) and the glue layer (Region 2 where R2<r<Rg) are 
given by (subscript i=l for glue layer and i=2 for inclusion) :
£ 4 ^ ( P i-ci^ ) +^ ^ ( 5 i-2ai^ - 4 Jbi^ ) c o £r20   (4.1]
oe=£ ^ ( P .+ci^ | ) - - ^ : ( 6 i-6Yi^ | - | Jbi-^)coS20   (4.2)
r  *o  r
r  = x
D2S - S „ . _ r2 . 3. *1
2 '- ‘ii?2 1 r 2 2 1 r 4
v  [Pi ^  i +2Cli ]  [»,<*,-*)
0
R+ai(XJ[+l) —  +bi— ] cos2B .........  (4.4)•t r 3
ub= R° tYi(Xi+3) ^ + b i^ ] s i n 2 d  ... (4.51
*0 °
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The stresses and displacements in the host medium (Region 
3 where r>R0, subscript 0 for concrete) are given by :
Or-5 4 ^ :<1-To^|)--Sc5:(l-2P0^|-380^ ) c o S2t> ....... (4.6)2 X 2 2 x 2 r 4
Oe=^ 4 ^ (1+Yo:^ ) - - ^ 9 ^ (1 " 35o - 7 )c o ^ e  ...................... ( 4 ’ 7)2> x ^ r
o c R^ R^T =-£iC_Z(l+p _ 0 +36o-^) sin2Q ...........  (4.8)2 x 2 r 4
R o ( S x + S y ')  r /  ,  \  Z  „  - ^o T“r = g|o y t (Xo-D ^ +2Yo-p]
3
+ V | 0 i [ 2 ^ +Po(Xo + l)£2+2«ote]cos2e   (4.9)
«0r0 it0 r r J
3
>V=-* " IP.(Xo-l) ^ +2-f-2»„-g]gifl*6   (4.10)»g 0 r r;0 r-3
4.4.2 Boundary Conditions in Bonded Inclusion Problem
(Biaxial Instrument)
The boundary conditions assumed to prevail at the interfaces 
depend on what assumption is adopted as to the way the inclusion 
is fitted into the hole. Two cases considered in the study are:
i) a 'perfectly welded contact’ where the inclusion is 
cemented into the hole with a suitable bonding agent;
ii) a 'no friction contact' where the inclusion is a 
sliding fit with no shearing stress transmitted.
A 'welded' boundary condition allows for continuity of 
radial and shear stresses as well as the radial and tangential 
displacements across the interface. A 'no friction' boundary
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condition implies zero shear stresses and continuity of radial 
stresses and radial displacements across the interface. The 
second boundary condition is applicable only when the measured 
radial strains are compressive because under tensile environment, 
the two surfaces may separate and the radial displacement will 
no longer be continous.
Four possible sets of conditions may occur at the interfaces of 
the three media :
Concrete-Layer interface
Welded 
No friction 
Welded 
No friction
Laver-Inclusion interface
Welded 
Welded 
No friction 
No friction
In this section, the analysis for the welded-welded boundary 
condition is considered since this is assumed to be the case for 
the bonded inclusion problem. Equations for the stress vectors, 
or-iTre and displacement vectors, vr + ivg are formed for each region 
in terms of the stress functions (Muslchelishvili 1953, page 138), 
given by :
or - i x re=2J?e(p/- e 2i9(ztp^+ijrO ................  ( 4 . 1 1 )
Vc+iVe=-^ ~ ( i<T<p —2 tp7—tfr) e " ie ................  ( 4 . 1 2 )
From the continuity condition, the radial and shear stresses 
and the radial and tangential strains in any two adjacent regions 
are equal in magnitude and opposite in direction at the 
interface. By applying equilibrium and compatibility conditions 
at each interface and comparing coefficients of the various terms 
of the resulting equations, the expressions involving the 
coefficients a. ,b^ , c., p., 6i and yj^ are established from which a 
system of simultaneous equations can be formed. The solutions to 
these equations will later provide a basis for the parametric 
study of bonded inclusion problem described in Chapter 5. A 
method of determining the unknown coefficients is now described.
For the stresses at the centre of the inclusion to be 
bounded, it is necessary that a2, b2 and c2 to be zero. Therefore 
there are 12 unknown coefficients which need to be determined
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from the boundary conditions at each interface. From all the 
possible boundary conditions, a system of 12 independent 
equations can be set up which may be solved for the unknowns 
coefficients. This is done by matrix algebra (Gaussian 
elimination method) using a mathematical software on the PC. If 
the equations to be solved are expressed in the matrix form 
[A][x]=[b] where, for the welded-welded boundary condition,
!<--- glue layer + inclusion --->J<—  host — >|
[ X ]  = C P2 Pj aj Y2 Yi <52 61 Y2 <52 P0 Y0 6o]T
[ b ]  = [0 0 0 0 0 0 1 1  -1 J 2  - 2 ]T
The 12x12 matrix [ A ]  is given by,
-1 1 0 0 0 0 0 -A2 0 0 0 0
0 0 -2A2 0 0 -1 1 0 -3/2A4 0 0 0
0 0 -A2 -3B2 3B2 1 -1 0 -3/2A4 0 0 0
-GBD FBC 0 0 0 0 0 2AC 0 0 0 0
0 0 EAC -(H-2)B3D (F-1)B3C -2BD 2BC 0 A3C 0 0 0
0 0 ■-FAC -(G+2)B3D (E+2)B3C 2BD -2BC 0 a3c 0 0 0
0 1 0 0 0 0 0 -1 0 0 1 0
0 0 -2 0 0 0 1 0 -3/2 2 0 3
0 0 -1 0 3 0 -1 0 -3/2 1 0 3
0 FC 0 0 0 0 0 2C 0 0 -2 0
0 0 EC 0 (F-2)C 0 2C 0 C -I 0 -2
0 0 -FC 0 (E+2)C 0 -2C 0 C J 0 -2
where,
A = R0/R, B = Rj/Rq
Rj is radius of inclusion and Rg is radius of the hole 
C = Gq/Gj D = Gq/ ^
G. is the bulk modulus of each medium (i=0,l,2 for
the host concrete, glue layer and inclusion 
medium respectively)
E = (Xi+D F = (Xl-1) G = (X2+l) H = (X2-l)
1 = (x0+1) J = (Xo"1 )
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The above equations provide the solutions for determining 
the secondary stress components from measured strains using a 
rigid mild steel inclusion with biaxial strain gauge rosette 
described in Chapter 3. Since the analysis is restricted to a 
plane strain one, the change in full stress tensor cannot be 
determined from a single measurement and only changes in the 
secondary principal stresses can be determined.
4.4.3 Analysis of Stresses from Measured Strains for
Triaxial Instrumented Inclusion
The analysis provides a means of computing components of the 
full stress tensor for the triaxial instrumented inclusion 
described in Chapter 3. Leeman (1968) presented the exact 
mathematical solution for the case of three rosette strain gauges 
cemented directly to the surface of the cored hole and set out 
a clear procedure for obtaining in-situ stresses from measured 
strains. In this study, the glue layer which bonds the inclusion 
to the surface of the hole is made of a thin low modulus material 
such that the gauges can be approximated to be attached to the 
hole.
Only six independent observations from a total of nine are 
required to determine the stress tensor. However as all the 
strain measurements contain some errors, the redundant three 
observations can be included to obtain the tensor components 
which best fit the measured data and to obtain an indication of 
the precision of the data. This is achieved with the method of 
least squares. (Panek, 1966; Berghaus, 1973). For the strain 
gauge geometry shown in Figure 3.3, the strains measured by the 
inclusion as a result of overcoring are related to the in-situ 
stresses as follows:
'Boe2 = 0r~Vo(°X+0y)   (4.13)
E0e6(0)=(ax+ay)K1-(ax-ay)K2-azK3 ....... (4.14)
E0e6(^) = (ax+ay)K^(ax-oy)K2-azK3 ....... (4.15)
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) =  < ° x + ° y )  ^ - 2 x ^ - 0 ^ (4.16)
S0[3Ye*(0)-Ye*(f ) sf2Y6z( ^ )  1 =xyz(l+\>0) 16KA ... (4.17)
^o[-3Ye*(f) +Ye*(0)+v^Ye*(-^L)] =txz (l+v0) 16i<r4 ... (4.18)
Where K factors are experimentally determined coefficients 
introduced by Worotnicki & Walton (1976) to account for the 
effect of the gap between the strain gauges and the surface of 
the hole. For Leeman analysis, KpK^ = l, I<2 = 2(l-vg2 ) and = Vq .
The full analysis for the case when the moduli of the 
inclusion and the host medium are of the same magnitude is 
available but the algebra is heavy and is shown somewhere else 
(Duncan Fama & Pender, 1980). In these analyses the effect of the 
intervening glue layer is not considered. The above analysis is 
also suitable for computer applications.
Another triaxial instrumented inclusion is one which uses 
an encapsulated strain-gauged unit in an epoxy cylinder shown in 
Figure 3.4. The unit consists of a small epoxy cube with biaxial 
rosettes attached on its faces as described in Chapter 7. The 
rosettes are located at certain orientations so as to be able to 
measure a complete stress tensor. Rocha & Silverio (1969) 
provided a complete analysis for determining stresses from the 
measured strains. The strains measured by the inclusion are 
related to the in-situ field stresses by the following equations
-E0ex= (K1+K2) ax+ {Kx-K2) ay-K3oz (4.19)
~R0ey~ °*+ (4.20)
~E0ez=~\0 (ax+oy) +az (4.21)
8 (1 -v o)
E °y x y  l + X o e Txy
(4.22)
y xz i+e  ^xz
4 (l+v0) (4.23)
Page 50
Chapter 4 Theoretical Basis of Inclusion Problem
-E0yyz=-~{~ ^ - xyz   (4.24)
where ex = e3, ey = e5, ez = e2 = e8
e y+ e z =  e l+ e 9 ’ e z+ e x . =  e 7+ e 10 * e x + e y =  e 4 + e 6 
Yyz = er e9. Yzx = e7“e10» ?xy =
4.5 Computer-Aided Numerical Methods
The inclusion problem may be regarded as a boundary value 
problem whereby the problem geometry is defined by a region of 
interest R enclosed within a boundary C. This is associated with 
a composite body whereby an isotropic elastic solid (material 
matrix) occupies a finite plane region containing an isotropic 
elastic inhomogeneity (inclusion). In a two-dimensional analysis, 
R is a plane region and C is a bounding contour while in three­
dimensional analysis, C is a bounding surface which encloses the 
three-dimensional region R. Partial differential equations are 
used to model the problem in R and they are solved based upon the 
conditions assumed at the boundary C. Computer-aided numerical 
methods are required to obtain approximate solutions to the 
problem and this provides a means for comparing the laboratory 
results necessary to validate the experimental technique. Such 
methods can be generally categorised into two main classes (see 
Figure 4.2) :
i) those that require approximations to be made 
throughout the region of interest R; (Finite 
differences and finite element methods);
ii) those that require approximations to be made on the 
boundary C. (Boundary element methods)
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Modelling of physical problemoI
Internal cells Domain elements Surface elements
Finite difference methods Finite element methods Boundary element methods
Figure 4.2 Classification of numerical methods
4.5.1 Finite Element Method
The finite element method involves dividing the physical 
system defined by the whole region R into a network of elements 
and the aim is to evaluate the solution to the problem at the 
nodes of the network. By relating the approximate solution 
between the nodes to the original partial differential equations 
leads to a system of linear equations in which the unknown 
parameters, the nodal values in R, are expressed in terms of the 
known nodal values at mesh points on the boundary C. This system 
of equations is large but sparse (i.e. each equation contains 
only a small number of unknowns) and they are solved by matrix 
algebra using the computer. The fundamentals of the finite 
element method can be found in standard textbooks. (Zienkiewicz, 
1971; Fenner, 1975; Hinton & Owen, 1979; Cheung, 1979).
The two-dimensional elasticity problem of stress strain 
distribution around circular hole in an infinite plate 
constitutes the model of core-drilling in a structural concrete 
element. Suitable element meshes are used to build up the network 
of elements whereby the boundary shape is approximated with 
sufficient accuracy by a series of short straight lines which 
form sides of the elements. The size and layout of the mesh for 
modelling a particular problem is arbitrary. However, since 
variations of the unknowns are assumed to be linear over each
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element,it is desirable to have concentration of relatively small 
elements in regions where the unknowns are expected to change 
rapidly. The elements near the outer boundary can be made rather 
large since the solution does not vary much from point to point 
at large distances from the hole boundary. Since the finite 
element method is based upon a physical approximation of the 
actual system, the solutions obtained are approximate. Because 
of this, care must always be exercised when a finite element mesh 
is designed to ensure that the results will not be significantly 
affected due to either the mesh is not fine enough and/or the 
outer boundaries are not far away enough from the inner boundary.
A simple cavity problem can be modelled as shown in Figure
4.3 in which an advantage is taken of the problem symmetry such 
that only a quarter section of the region is taken as the 
solution domain.
J I M  I I I I
2-D medium coarse finite element model 
for quarter section of the plate
1 1 1 1 1 1 1 1
Geometry of a Cavity Problem
Typical 3 -0 configuration
Figure 4.3 Finite element model of a cavity problem
A minimum of about 150 elements should suffice for analyses 
of simple structures in homogeneous medium where there is a plane 
of symmetry. The boundaries of the finite element mesh should be 
located at least 6 radii away from the centre of the hole to 
ensure that the computed stresses and displacements are within 
10 percent of the theoretical results (Kulhaury, 1974). For more 
accurate results the mesh should be made finer and the boundaries 
must be extended further, but this must be optimised to minimise 
the increase in the cost of computer time and storage. The finite
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element package ANSYS can easily be used to analyse the cavity 
problem. Hooker et al (1974) used finite element method to 
determine the theoretical change in borehole diameter as a 
concentric annular groove representing overcoring for the case 
of uniform compressive stress field in the diametral plane of an 
empty borehole.
4.5.2 Boundary Element Method
In boundary element method, only the boundary C is divided 
into elements and there is no need to divide R itself into a 
network of elements. The system of equations to be solved is much 
smaller but the equations are not sparse. The fundamentals of 
this method are described in standard literatures. (Crouch & 
Starfield, 1983; Brebbia, 1984). Figure 4.4 shows two-dimensional 
problem of a circular hole in a medium with initial field
stresses S and S before the drilling. The boundary elementx y
method consists of discretizing the core hole boundary into a 
number of discrete rectangular elements.
Different types of boundary elements may be used which 
include constant elements in which the nodes considered are taken 
to be in the middle of each element, or linear elements in which 
the nodes are at the intersections between two elements. In the 
case of curved quadratic elements, an extra mid-element nodes are 
generally included. The main requirement of the method is to find 
a distribution of fictitous forces applied to these elements 
where the process of hole-drilling inside the boundary will 
reduce the traction on each element to zero. The magnitudes and 
directions of these forces are chosen in such a way that the 
surface tractions are equal to zero. These boundary conditions 
determine the stresses and displacements at all points on and 
outside the boundary.
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m m i u
t t t t t t t t t
Geometry of a cavity of arbitrary shape
Constant
elements
Linear
elements
Figure 4.4 Boundary element idealisations of a cavity problem
The stress analysis for homogenous media has been described 
by Bray (1976) and Bray and Brady (1978). The method can be 
extended to solve the inhomogeneous problem of bonded inclusion 
in an elastic medium in two-dimensional Rizzo & Shippy (1968), 
Crouch (1976), Watson (1979) or three-dimensional domain, 
Blackwood (1982). If two finite homogeneous sub-regions of two 
different properties are represented by Rj and R2, the boundary 
element solution to the problem can be found by dividing the 
contours Cj and C2 into a number of straight line segments, 
joined end to end. Assuming that the displacements and stresses 
are constant over each segment, there will be Nj boundary 
elements along Cj and N2 boundary elements along C2. Elements 
along the two sides of the interface must match exactly and there 
will be four unknowns associated with each interface element i.e. 
two displacement components us and un and two traction components 
os and on- By applying appropriate continuity conditions will 
give four equations to be satisfied at each interface element 
making the problem soluble.
A simple FORTRAN computer program for solving two­
dimensional boundary value problem in linear elasticity based on 
the fictitous stress method (Crouch and Starfield, 1983) is given 
in the Appendix. The program is used on the PC to calculate
element nodes
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stress distributions around cored hole in concrete medium for 
comparing with experimental data. The results can be used for 
assessing the effects of pilot hole-drilling (40mm diameter) on
the stress field. The geommetry of the problem considered is asoshown in Figure 4.5. A Young's modulus of 23 kN/mm and a 
Poisson's ratio of 0.15 is assumed for the concrete medium in 
this problem. The stress is assumed to be applied at infinity and 
symmetry is exploited such that only a quarter section of the 
hole is considered. The boundary contour is described by 24 line 
segments, each consisting of one element in one quadrant of the 
infinite region. In addition, three field point lines are chosen 
along portions of the x, y axes and 45 degree direction to 
determine the stress and displacement components away from the 
hole. In this case, eight field points are considered along each 
x and y axes equally spaced at 3cm. The eight points along 45 
degree direction are spaced at about 2.1cm. The typical input and 
output specifications are shown in the Appendix.
5 N/mm 2
Line of symmetry
Hole (40 mm diameter) in a Boundary element model
concrete medium (quarter section)
Figure 4.5 Boundary element idealisation for 40mm diameter hole in 
concrete element under compressive load.
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4.6 Summary
Theoretical solutions exist for the analysis of stress 
distributions around cored holes and inclusions in elastic 
medium. Such analyses always assume that both the inclusion and 
the host medium are elastic, isotropic and homogenous. Analyses 
for both the biaxial and triaxial inclusions are available and 
can be easily computed using a mathematical software with a PC. 
The biaxial instrument can only determine changes in the 
secondary principal stresses but not the full stress tensor.
The use of boundary element method is generally more 
convenient than the finite element method especially for boundary 
value problem of cavities and inclusions. The former method uses 
less storage due to less number of elements in the discretisation 
of the physical model. Boundary element method is used in this 
study to investigate the effect of hole-drilling on the stress 
distribution in the concrete elements. No attempt has been made 
in this study to model inhomogeneous problem of bonded inclusion 
using the computer-aided numerical methods. Three dimensional 
modelling by boundary element method is considered desirable but 
the program is too big and costly. This modelling is also outside 
the scope of the study. The analytical solutions are considered 
sufficient for the present problem.
It is well realised that theoretical methods alone cannot 
take fully into account the complex local effects around holes 
in a concrete medium and the secondary effects due to 
differential shrinkage, thermal effects and wetting. Laboratory 
experiments are considered necessary for the purpose of 
calibrating the technique.
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PARAMETRIC STUDY OF BONDED BIAXIAL INCLUSION
5.1 Introduction
The main objectives of the parametric study on biaxial (bi- 
dimensional measurement) instrumented inclusion is to provide a 
simple analytical method for :
i) assessing the effects of material properties of the 
three media (geometry in Figure 4.1) on the calculated 
stress and strain distributions;
ii) assessing the influence of geometric properties ( 
which include the radial ratios of the concentric 
regions, geometry of the inclusion and thickness of 
the bonding layer) on the calculated stresses and 
strains;
iii) predicting the stress and strain patterns within and 
around the instrumented inclusion for comparison with 
experimental results.
The results obtained from the parametric study will provide some 
information to assist in the design of the inclusion and the 
choice of suitable material type and thickness of the bonding 
layer. An exact analysis by Muskhelishvili' s method of complex 
function as formulated by Savin for the problem of stress 
concentrations around a circular hole strenghtened by elastic 
rings is used to consider the stresses and strains in an elastic 
inclusion which has a finite annular bonding layer between it and 
the host concrete. The formulation described in Section 4.4 is 
used with a mathematical software, MathGad Version 3.0 (Mathsoft 
Corp., 1990) on a PC with Windows 3.1 for calculating stresses 
and displacements in the various regions. The analysis is 
performed by using a practical range of values for elastic 
constants of the three media, for particular geometries and for 
various boundary conditions at the interfaces. A typical 
procedure for calculation is as shown in Appendix B.
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Each parametric study is presented in one of two types of 
graphical forms i.e. the variation of stress concentration 
factors or the variation of stresses and displacements in the 
various regions due to certain variables. In the former graphical 
type, the major stress concentration factors A are plotted 
against the minor factors B and their variation is studied by 
varying the appropriate parameters. In the latter type, the y- 
axes represent stress and strain (or displacements) components 
in the various regions expressed as a ratio of the longitudinal 
stress or strain in the host concrete medium at a point 
uninfluenced by the presence of the inclusion. The x-axes 
represent the chosen variables expressed as a ratio of the 
appropriate parameters in the media. The results of the 
parametric studies on the bonded inclusion problem is discussed 
in the following sections.
5.2 Results of Parametric Studies
The results are presented in two categories : the variation 
of stress concentration factors A and B, and the variation of 
stress and strain components to various varying parameters.
Variation due to material properties is assessed by varying the 
values of concrete Young's modulus and Poisson's ratios. The 
effects of three different inclusion materials and three
different annular bonding layer materials on the performance of 
the instrumented inclusion will be presented. The influence of 
the thickness of the bonding layer and the boundary conditions 
assumed at the interfaces are also examined from the parametric 
studies. The various combinations of variables for each case 
study are summarised in each category section.
5.2.1 Stress concentration factors
The factors A are stress concentration factors for the 
parallel principal stresses while B are the stress concentration 
factors for the orthogonal principal stresses. Values for
concrete moduli Efl of 25 to 40 kN/mm and Poisson's ratios vQ of
0.10 to 0.26 used in the study cover a practical range of host
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concrete material properties normally encountered in practice. 
The study on the variation of stress concentration factors is 
divided into two sections :
i) Comparison between two possible boundary conditions
i.e. the welded and no-friction contact at the single 
interface, in the case of no intervening layer. The 
effects of three different inclusion materials are 
also examined.
ii) The effects of thin and thick bonding layer on the 
variation of stress concentration factors for three 
different types of inclusion material. The effects of 
different types of bonding layer are also assessed. 
Only a welded concrete-layer interface and a welded 
layer-inclusion interface is considered in this 
section.
The stress concentration factors A and B for the No-layer Case 
(i) are calculated based upon the equations given by Wilson 
(1961) and are given by :
Welded Interface, No-layer Case 
<3-4v2) (1+v2) Eq t (5~4v0)
8(l-v0) (1 +vo) E2 8 (l-v0) ..........  VD“L'
<1-4v2) (1+v2) E0 <4v0-1) .
B 8 U - v 0) (l+v0) E2+ 8(1-v0) ..........  ( 2)
No-Friction Interface, No-Layer Case
(9-14v2) (1+v2) E0 l (11-6V0)
24 (l-v0) (l+v0) E2+ 24 (l-v0) .......
(3-10va) (l+v2) E0 (l+6v0)
24 (l-v0) (l+v0) E2 24 (l-v0) ........  V ’ '
The method for calculating the stress concentration factors 
for the case with intervening bonding layer is slightly more
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complicated and is described in Section 4. A. The thickness t of 
the bonding layer is taken to be the difference between the pilot 
hole radius, Rfl and the inclusion radius, Rj. The various 
combinations of variables and properties are summarised in Table 
(5.1) as follows.
Parametric Study 
Reference No.
Inclusion Material Properties Bonding Layer Material Properties Boundary Condition 
at the interfaces 
and layer thicknessMaterial Type E2 v2 Material Type E1 V1
Sl.l Mild Steel 200 0.3 No layer - -
t = 0 ( No layer ) 
Velded Contact
SI.2 Mild Steel 200 0.3 No layer - -
t = 0 ( No layer ) 
No-friction Contact
SI.3 Epoxy Mortar 16 0.4 No layer Welded Contact
Epoxy Mortar 16 0.4 No layer - - No-friction Contact
Concrete 30 0.2 No layer . _ Welded Contact
SI.4 Concrete 30 0.2 No layer - - No-friction Contact
Mild Steel 200 0.3
Crack Injection 
Epoxy 3 0.4 t = 2 mm (welded)
SI.5 Mild Steel 200 0.3 Epoxy 3 0.4 t = 20 mm (velded)
Mild Steel 200 0.3 Epoxy Mortar 16 0.4 t = 2 mm (welded)
SI.6 Mild Steel 200 0.3 Epoxy Mortar 16 0.4 t = 20 mi (welded)
SI.7 Mild Steel 200 0.3 Cement Mortar 30 0.2 t = 2 mm (velded)
Mild Steel 200 0.3 Cement Mortar 30 0.2 t = 20 mm (velded)
SI.8 Epoxy Mortar 16 0.4 Epoxy 3 0.4 t = 2 mm (welded)
Epoxy Mortar 16 0.4 Epoxy 3 0.4 t = 20 mm (welded)
SI.9 Concrete 30 0.2 Epoxy 3 0.4 t = 2 mm (velded)
Concrete 30 0.2 Epoxy 3 0.4 t = 20 mm (velded)
SI. 10 Epoxy Mortar 16 0.4 Cement Mortar 30 0.2 t = 2 mm (velded)
Epoxy mortar 16 0.4 Cement Mortar 30 0.2 t = 20 mm (velded)
Tale (5.1) Summary of parameters used for variation in
stress concentration factors.
The results of the parametric studies described in Table (5.1) 
are presented and discussed in the following pages.
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5.2.2 Discussion of Stress Concentration Graphs for No­
Layer Case
The graphs of variation in stress concentrations for a range 
of host concrete properties and certain boundary conditions and 
other factors are now described.
Figure 5.1
This graph shows the variation of stress concentration factors 
for a MILD STEEL INCLUSION when there is no intervening layer 
between concrete and the inclusion. A welded boundary and a no­
friction conditions are both considered for the same inclusion.
In the welded case factor A is more dependent on the concrete 
moduli that on Poisson's ratios. While B is more dependent on 
Poissson's ratios than on the moduli and shows a slight decrease 
with increase in moduli. All values of A are positive while B are 
negative for big range of properties considered and can be 
positive for large values of Poisson's ratios.
In the no-friction case again A is more dependent on EQ-values 
than on vQ. B is dependent on vQ-values only and is unaltered 
with change in E-values. In this no-friction case both A and B 
are positive. From both figures it can be seen that, in going 
from a welded boundary condition to a no-friction boundary 
condition, A and B both change by about 0.15.
Figure 5■2
The graph shows the comparison of variation of stress 
concentration factors for EPOXY INCLUSION with no layer between 
a welded and no-friction boundary condition at the interface. As 
the inclusion is slightly softer than the host concrete (E2/E0 
ranges between 0.40 to 0.67) the factor A and B both become more 
dependent on the EQ values than on vQ-values in the welded case. 
A increases and B decreases more significantly with the increase 
in E0.
In the no-friction case both A and B show a higher degree of 
dependency on Eo in comparison with the case of mild steel 
inclusion. The difference between welded and no-friction 
condition is between 0.23 and 0.25 for both A and B. B is more
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positive for low moduli and higher Poisson's ratios of host 
concrete but generally decreases with increase in EQ.
Figure 5.3
The graph indicates the variation in stress concentration factors 
for the case of CONCRETE INCLUSION (assumed E2 = 30 kN/mm2 and v2 
= 0.2) with no-layer. A welded boundary condition is compared 
with the no-friction case.
In the former both A and B increase linearly with increase in EQ 
and vQ within the range considered. B is more positive for low 
moduli and higher Poisson's ratios (greater than about 0.2). For 
the case when the inclusion properties are exactly equal to that 
of the host concrete, we have A = 1 and B = 0, which implies that 
the principal stresses at the centre of the inclusion only depend 
on the field stresses acting in the same direction. This is of 
course equal to the trivial case of no inclusion when the 
specimen becomes a solid body under load.
The variation of stress concentration factors for concrete 
inclusion with no layer and no-friction boundary condition 
assumed at the single interface. Both A and B are positive over 
the range considered and increase with the increase in EQ and vQ. 
The variation in A is higher while B varies less in the no­
friction case. Both A and B alter by about 0.17 in moving from 
welded to no friction boundary condition.
The comparison between the welded and no-friction boundary 
conditions for each type of inclusion material in the no-layer 
case is shown in Figure 5.4. Some general observations which 
can be made from the above comparison are as follows :
i) The factor A is always positive for both cases while B can
be positive or negative depending on the particular 
combinations of Efl and vQ. In the welded cases, B is mostly 
negative over the range considered and tend to be more 
positive for low moduli and large Poisson's ratios of host 
concrete. In the no-friction cases, B is positive except in 
the epoxy inclusion case.
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ii) A and B generally increase almost linearly with the 
increase in EQ and v0 with the exception of epoxy inclusion 
in which the inclusion modulus is smaller than that of the 
host medium. In all cases, A is generally more dependent on 
EQ than it is on v Q while in case of B it is the opposite.
iii) The variation in the stress concentration factors for the 
mild steel inclusion is less compared with the other 
materials. The points are more closer in the case of mild 
steel implying that there is less change in the values of 
A and B with change in host concrete material properties. 
This confirms with the rigid inclusion principle in which 
the stresses are almost independent of the properties of 
the host medium. As expected, the variation in stress 
concentration factors is higher in the case of softer epoxy 
inclusion. In addition, the difference in welded and no­
friction condition is least in the case of mild steel and 
highest in case of epoxy inclusion.
The effects of the presence of an intervening glue layer on 
the stress concentration factors for different types of 
inclusions are examined in the following sections. Comparison is 
also made between different types and thicknesses of the layer.
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COMPARISON OF STRESS CONCENTRATION FACTORS FOR WELDED AND NO-FRICTION 
BOUNDARY CONDITIONS ( MILD STEEL INCLUSION, NO-LAYER CASE )
A-factors
o  W e l d e d  
D N o - F r i c t i o n
B-factors
Fi gu re 5 .1  Comparison between welded and no-friction boundary 
condition for NO-LAYER Case (MILD STEEL Inclusion)
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COMPARISON OF STRESS CONCENTRATION FACTORS FOR WELDED AND NO-FRICTION 
BOUNDARY CONDITIONS ( CONCRETE INCLUSION. NO-LAYER CASE )
A-factors
1.1
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F i  g u r e  5 . 2  Comparison between welded and no-friction boundary 
condition for NO-LAYER Case (CONCRETE Inclusion) for a range of host 
concrete properties.
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COMPARISON OF STRESS CONCENTRATION FACTORS FOR WELDED AND NO-FRICTION 
BOUNDARY CONDITIONS ( EPOXY MORTAR INCLUSION. NO-LAYER CASE )
A-factors
o. 1
6  W e l d e d  
D N o - F r i c t i o n B-factors
Fi gu re 5 .3  Comparison between welded and no-friction boundary 
condition for NO-LAYER Case (EPOXY MORTAR Inclusion)
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COMPARISON BETWEEN VARIATION IN STRESS CONCENTRATION FACTORS FOR 
THREE DIFFERENT INCLUSION MATERIAL (NO-LAYER. WELDED CONDITION)
Mild Steel Inclusion
E2 := 2 0 0 v2 := 0.3
E0^  •[ 3 — 4 "v2 ]■[ u  v2 ]
L : =: 0 . . 8 
[s-4-vOj]
ii,jj E2 *8*ri-vOji*ri+vOji r
Epo>y Mortar Inclusion
E2 := 16 v2 := 0.4 i : =
E0i *[3 - A-v2]-[ i + v2]
8*f 1-vOjl]
: 0 . . 8 
[5-4-iOj]
lx»ij E2*8*[^ l-i0j j^l + vOj
Concrete Inclusion
E2 := 30 v2 := 0.2 :
E0 ± “[ 3 ~ 4 *v2 ]•[ 1 + v2 ]
][ 
i :=
8 *[ 1 - ] ]
■ 0 - . 8 
[5-4-vOj]
T 1’JJ E2*8*Jl-vO ]-[l + v0
« 10 +J
EO . := 2 - i  + 2 4 j := o ,2 .. 1 6 v O H := -------
1 J 100
EOi-[l-4-v2]-[ltv2] [ 4-vOj - l]
E 2 ‘8 ‘[ l - \ 0 j  j^l + vOj j [ 8 " [ 1 _ v 0 j ] ]
~ 1 0 + jE0 . 2 " 1 + 2 4  j : = 0 , 2 . , 1 6  vO j :=  --
1 J 100
E O i - [ i - A - v 2 ] > [ i  + v2] [ * * v O j - i ]
E 2 * 8 * J l - v 0 j J ^ l  + \0j j J V [ l - \ 0 j J ]
„ 1 0  t j
E 0 . : = 2 ’i + 2 4  j : = 0 , 2 . . 1 6  \0- : =  -
1 J 100
E0.-[i-A-v2]-[i + v2] [ 4*v0j - 1]
t 1,j] E2*8*[l~v0 j^l + vO j j^8^1-v0 jj
A-Factors
- 0 . 3 5
^  M i l d  S t e e l  I n c l u s i o n  
a  E p o x y  I n c l u s i o n  
+■ C o n c r e t e  I n c l u s i o n
0 . 0 6
B-Factors
Fi gu re 5 .4  Variation in stress concentrati"" ‘actors for three different 
inclusion materials for no-layer case and weiued boundary condition.
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5.2.3 Discussion on Stress Concentration Graphs for
Gases with Bonding Layer
Figure 5.5
The graph shows variation in the stress concentration factors for 
MILD STEEL INCLUSION with THIN LAYER of SOFT EPOXY resin bonding 
(E^  = 3 kN/mm , thickness t = 2mm). A welded boundary condition 
is assumed at both inclusion-layer and layer-concrete interfaces 
(thus refered herein as welded-welded boundary condition). There 
is no significant change in A due to the presence of a thin glue 
layer but B changes considerably and becomes more positive in 
comparison with no-layer case. B also increases linearly with 
increase in EQ as a result of the layer. The change in A is 
almost equally dependent on both E0 and vQ but B is still more 
dependent on the later.
Figure 5.6
Graph shows variation in the factors for MILD STEEL inclusion 
with THICK and SOFT epoxy bonding layer (t=20mm). There is an 
increase in variation in both A and B due to increase in layer 
thickness, with A increases more than B. This implies that A is 
more sensitive to layer thickness than B. The change in A and B 
is both linear.
Figure 5.7
The graph of variation of the factors for the case of MILD STEEL 
inclusion bonded with a THIN layer of HARD epoxy bonding (Ej = 16 
kN/mm2) . A welded-welded boundary condition is considered. The 
variation in A and B is not so linear with increasing vQ as 
compared to the case of soft layer. The increase in Efl direction 
is still linear. Both A and B are more dependent on vQ than they 
are on EQ, in contrast with soft layer case. The variation in 
both A and B increases for higher Poisson's ratios. B is also 
more sensitive at higher Poisson's ratios.
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Figure 5.8
The graph shows the effect of THICK layer of hard epoxy bonding 
on the variation of the factors in MILD STEEL inclusion with 
welded-welded boundary condition. B is more sensitive to layer 
thickness in this case than A. The variation in EQ direction is 
still not so linear. B is mostly positive as a result of the 
increased thickness of layer except for low values of Efl and vQ. 
Both A and B are dependent on the two parameters.
Figure 5.9
Graph shows the influence of harder bonding layer for the case 
of MILD STEEL inclusion bonded with THIN layer of CEMENT (Ej = 30 
kN/mm ). A welded-welded boundary condition is again considered. 
Both A and B vary almost linearly with change in both parameters. 
Both show slight increase in maximum variation due to increase 
in modulus of the layer, B being mostly negative over the range 
considered.
Figure 5.10
The graph shows the effect of an increase in thickness of the 
CEMENT layer on the stress concentration factors for MILD STEEL 
inclusion. There is an increase in the variation of A while there 
is only small change in B indicating that a is more sensitive to 
layer thickness. Both show approximately linear increase with EQ 
and vQ over the range considered.
Figure 5.11
The variation of the factors for the case of HARD (high modulus) 
EPOXY inclusion bonded with THIN layer of SOFT (low modulus). The 
modulus of the host concrete is still higher than the inclusion. 
The variation in A with EQ for welded-welded case is almost equal 
to the case of epoxy inclusion in the no-layer, welded case. B 
also differs slightly to that in no-layer case. The presence of 
thin layer of soft epoxy bonding presents only a small effect on 
both A and B.
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Figure 5.12
This graph indicates the effect of THICK epoxy layer for the 
baove case. B seems to decrease with increase in Eo and is more 
dependent on Eo than on vo. A increases by a factor of about 1.4 
as a result of increase in layer thickness. In both cases A and 
B both vary linearly with change in host concrete properties.
Figure 5.13
The graph shows the effect of using CONCRETE inclusion on the 
variation of stress concentration factors. The inclusion is 
bonded with a THIN layer of soft EPOXY bonding under welded- 
welded boundary condition. Both A and B are positive and showing 
an increase with increasing host properties. While A is more 
sensitive to channges in EQ, B is more dependent on v„. Due to 
small thickness of the layer, the varaition in A with Eo is 
almost unchanged as compared to the case when there is no layer. 
B becomes positive and is more influenced by the presence of the 
layer.
Figure 5.14
The graph illustrates the effect of an increase in epoxy layer 
thickness in stress concentration factors for CONCRETE inclusion. 
Interestingly, while A increases by a factor of about 1.6, B 
changes drastically from all positive values to all negative and 
from a linear increase to a linear decrease with increasing host 
properties over therange considered. In this case also, B is more 
sensitive to the layer thickness than A.
Figure 5.15
The graph shows the effect on the stress concentration factors 
for the case when the bonding layer is slightly harder than the 
inclusion. An EPOXY inclusion is bonded with THIN layer of CEMENT 
under welded-welded boundary condition. Again A does not alter 
very much with the presence of the layer as can be seen that the 
values of A are almost equal to those in the no-layer case. As
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expected, the variation in B with the host Poisson's ratio is 
equal to the case when there is no layer. The increase in modulus 
of the layer resulted in a change by a factor of 1.5 from the 
epoxy layer case.
Figure 5.16
The graph indicates the effect of THICK cement layer on the 
varaition of stress concentration factors for the same inclusion 
as above. The increase in layer thickness in this particular case 
does not give any significant effect on either A or B.
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Stress Concentration Factors for WELDED Interface ( t = 2 mm. MILD STEEL INCLUSION )
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F ig u re  5 .5  Variation of A and B for a range of concrete 
properties ( WELDED Interface).
MILD STEEL INCLUSION 
Epoxy bonding layer, t = 2 mm. Et = 3 kN/mm',2
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Stress Concentration Factors for WELDED Interface ( t = 20 mm. MILD STEEL INCLUSION )
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F ig u re  5 .6  Variation of A and B for a range of concrete 
properties ( WELDED Interface).
MILD STEEL INCLUSION
Epoxy bonding layer, t = 20 mm. E| = 3 kN/mm',2
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Stress Concentration Factors for WELDED Interface 
(Thin Epoxy Layer, MILD STEEL INCLUSION)
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Stress Concentration Factors for WELDED Interface ( t -  2 mm, MILD STEEL INCLUSION )
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Cement bonding layer. t = 2 mm. Ej = 30 kN/mm
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Stress Concentration Factors for WELDED Interface ( t = 20 mm. MILD STEEL INCLUSION )
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Stress Concentration Factors for WELDED Interface ( t = 2 mm. EPOXY INCLUSION
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Stress Concentration Factors for WELDED Interface ( t = 20 mm, EPOXY INCLUSION )
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Stress Concentration Factors for WELDED Interface ( t = 2 mm. CONCRETE INCLUSION )
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Fi g u r e  5 . 1 3  Variation of A and B for a range of concrete 
properties ( WELDED Interface).
CONCRETE INCLUSION
Epoxy bonding layer. t = 2 mm. Ej = 3 kN/mm2
Page 81
Chapter 5 Parametric Study of Bonded Biaxial Inclusion
Stress Concentration Factors for WELDED Interface ( t = 20 mm. CONCRETE INCLUSION '
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F i g u r e  5 . 1 4  Variation of A and B for a range of concrete 
properties ( WELDED Interface).
CONCRETE INCLUSION 2
Epoxy bonding layer. t = 20mm. Ej = 3 kN/mm
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Stress Concentration Factors for WELDED Interface ( t = 2 mm, EPOXY MORTAR INCLUSION )
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Stress Concentration Factors for WELDED Interface ( t = 20 mm. EPOXY MORTAR INCLUSION )
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5.2.4 Variations in Stresses with Radial Ratios
This section presents the results of parametric study on the 
variation of the radial, tangential and shear stresses and also 
the radial and tangential displacements with the radial ratios 
(ratio of distance r from hole centre with radius of hole, RQ) in 
all the three media. Particular attention is given to the 
stresses and displacements in the concrete medium around the 
inclusion. By adjusting the radial ratios, the stresses and 
displacements in the inclusion and bonding layer medium can also 
be determined. The analysis is only considered for mild steel
inclusion with epoxy and cement bonding layer. A range of 24 -240 kN/mm is considered for the concrete moduli and a Poisson's 
ratio of 0.2 is assumed. The effects of nature and thickness of 
bonding layer are examined. Variation in the stresses with the 
angle theta is also examined. The parameters used in the study 
are summarised in Table 5.2.
Ref.No.
Bonding Layer Inclusion
Material
Concrete Medium Layer Thickness 
(t=8o-R,)
r & 6
E1 2 kN/mm V1 E2 2 kN/mm v2 E0 2 kN/mm v0 R2(mm) ,Y(mm)
S2.1 3 0 .4 200 0.3 30 0.2 20 20 r=Ro
20 40
S2.2 3 0.4 200 0.3 30 0.2 20 25 r=Ro
20 40
S2.3 25 0.15 200 0.3 30 0.2 20 25 r=Ro
20 40
S2. 3 0.4 200 0.3 30 0.2 20 25 r=Ro
25 0.15
S2.5 3 0.4 200 0.3 30 0.2 20 25 r=Ro
40 0.2
S2.6 3 0.4 200 0.3 24 - 40 0.2 20 22 0=90
20 40
S2.7 3 0.4 200 0.3 24 - 40 0.2 20 40 «X> >i VJO o
25 0.15
S2.8 3 0.4 200 0.3 24 - 40 0.2 20 25 0=90
25 0.15
S2.9 25 0.15 200 0.3 24 - 40 0.2 20 22 0=90
20 40
Table 5.2 Summary of properties used in parametric study no. 2
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5.2.5 Discussion of Variation in Stresses in Concrete Medium
with Radial Ratios and Theta
Figure 5.17
The graph shows variation in stresses and displacements in the 
concrete medium in longitudinal direction for a soft bonding 
layer. There is a reduction in radial stress distribution near 
the boundary as a result of increase in layer thickness but the 
effect of concrete moduli is small. The area of influence for 
soft layer is a distance of about 4 radii from the centre of 
inclusion. The stress distribution is unchanged for both thin and 
thick layer for distances greater than 8 radii away.
The graph also indicates that there is small decay in the 
tangential stresses from the boundary of a thin soft bonding 
layer. However, the curvature of tangential stress distribution 
curve is altered due to increase in layer thickness and the 
effect becomes negligible at distances greater than 2 radii away 
from the centre of inclusion. The effect of concrete moduli is 
negligible in this case.
For shear stress, there is also a small decay in the case of thin 
soft layer but the increase in thickness results in change in the 
shear stress at the boundary interface. The area of influence for 
each case is a distance less than 4 radii from the centre. The 
stress becomes constant in both cases at distances beyond 8 radii 
away.
Both the radial and circumferential displacements are affected 
by the layer thickness in regions away from the inclusion. In 
both cases, the effect of concrete moduli is more significant 
when the layer is thick.
Figure 5.18
The graph shows the variation in stresses and displacements 
components in longitudinal direction in concrete around a mild 
steel inclusion bonded by a hard glue layer. For a thin layer,
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there is little change in radial stresses as compared with soft 
layer. The increase in layer thickness however, does not change 
the sign of the radial stress curvature near the boundary and a 
similar decay is obtained for both thin and thick hard layer. In 
each case the decay becomes constant at a distance of 4 radii. 
The effect of increase in layer modulus is to reduce the distance 
to 7 radii beyond which the radial stress remains constant for 
both cases. Again the effect of concrete moduli on the radial 
stress is more significant for thick layer.
Similar curves are obtained for tangential stress distribution 
as with the case of soft bonding layer. However, the effect of 
increase in layer modulus is to reduce the intensity of the 
tangential stresses at the boundary and the effect of concrete 
moduli is more significant for thick layer. The area of influence 
remains at 2 radii distances.
The curvature of the shear stress curves near the boundary is 
more pronounce for the case of thin layer with increase in 
modulus. For thick layer, the curvature decreases with increase 
in layer modulus. The effect of concrete moduli on shear stresses 
near the boundary is more significant for hard bonding layer. The 
stresses for both thin and thick hard layer become equal at 
distances beyond 7 radii from the centre, a reduction as a result 
of increase in layer modulus.
No significant change is observed in the displacement components 
as a result of increase in layer modulus.
Figure 5.19
The graph illustrates the effect of the nature of bonding layer 
on the stress and displacement components in the case of thick 
layer. In the case of soft layer, the increase in thickness 
alters the sign of curvature of the radial stress curves near the 
boundary. The stresses near the boundary are influenced by 
concrete moduli for both soft and hard layer cases. The area of 
influence for thick soft layer is at distance 4 radii and for 
thick hard layer is about 3 radii. For both cases, the radial 
stresses become equal at distances beyond 8 radii.
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In the case of tangential stress distribution, the curvature of 
the curve near the boundary decreases appreciably as a result of 
increase in layer modulus. The effect of layer thickness on the 
tangential stress distribution is small for soft layer. The 
effect of concrete moduli for both cases is also small. The area 
of influence for both cases remains at distance of 2 radii.
A decreased in the curvature of shear stress distribution near 
the boundary is observed as a result of increase in layer 
modulus. The effect of concrete moduli remain negligible for both 
soft and hard layer. The increase in layer modulus also reduces 
the area of influence of shear stress from distances of 5 radii 
to 2-3 radii. The shear stresses for both cases become equal at 
distances greater than 7 radii away from the centre.
Both the radial and circumferential displacements are not 
affected by the increase in layer modulus but the overall effect 
of concrete moduli remain significant for regions away from the 
centre.
Figure 5.20
The graph illustrates the effect of the nature of bonding layer 
on the stress and displacement components for small thicknesses. 
The radial stresses show similar decay for both soft and hard 
layer due to increase in layer modulus with a slight increase in 
curvature near the boundary. The decrease in thickness of the 
soft layer has significantly altered the sign of the curvature 
near the boundary. The increase in layer modulus in the case of 
thin layer does not alter the area of influence at 4 radii. 
However, the distance where the radial stresses become equal is 
reduced from 8 to 7 radii as a result of decrease in layer 
thickness.
The tangential stresses also show similar curvature with decrease 
in layer thickness in both cases. However, the decrease results 
in the reduction of the maximum values of the tangential stresses 
near the boundary. The area of influence remains at 2 radii but 
the constant value of the stress is reduced as a result of 
decrease in layer thickness.
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For a thin layer, an increase in layer modulus has sharply 
reduced the curvature of the shear stresses near the boundary. 
The area of influence for each case is 4 radii distances and the 
shear stresses become equal at distances beyond 5 radii from the 
centre.
The displacements are again not affected by the type of bonding 
layer and also the effect of concrete moduli is less significant 
in thin layer case.
The general observations which can be made from the above study 
are as follows :
i) The radial stress distribution is more sensitive to the 
change in type and thickness of the bonding layer as 
compared with the tangential or shear stresses. The shear 
stress distribution is sensitive to layer thickness when 
the bonding is of hard type.
ii) The effect of concrete moduli on the stress distribution 
near the boundary is generally small and is more 
significant only for the case of hard bonding layer.
iii) The area of influence (i.e. a distance from the centre
beyond which the stress is unchanged) in the case of thin
soft layer is about 3-4 radii for radial and shear 
stresses. The general effect of an increase in layer 
thickness is to increase this distance to about 5-6 radii 
but the increase in layer modulus seems to have litlle 
effect in this respect. For tangential stress distribution, 
the area of influence is at distance of about 2 radii and 
is little affected by the nature or thickness of bonding 
layer in all cases.
iv) The radial stresses for both thin and thick layer of soft
bonding become equal at distances beyond 8 radii away from
the centre of the inclusion. An increase in layer modulus 
tends to reduce this effect to 6 radii.
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Figure 5.17 Effect of Thickness of Soft Layer on Stresses and Displacements
in Concrete in Longitudinal Direction
n Tangential Stresses in Concrete (THIN & SOFT layer) 
+ (THICK & SOFT Layer)
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0.5 r. 10.5
Figure 5.17d ^
D Radial Displacements in Concrete (THIN & SOFT Layer)
*  (THICKS.SOFT Layer)
V
0.5 r. 10.5
Figure 5.17e ^
n Circumferential Displacements (THIN & SOFT Layer) 
X (THICK & SOFT Layer)
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Figure 5.18 Effect of Thickness of Hard Layer on Stresses and Displacements
in Concrete in Longitudinal Direction
0 2 4 6 8 100 rj 11
Figure 5.18a ™
D Radial Stresses in Concrete (THIN & HARD Layer) 
+ (THICK & HARD Layer)
0 11 
Figure 5.18b ^
D Tangential Stresses in Concrete (THIN & HARD Layer)
+ (THICK & HARD Layer)
0 lj 11
Figure 5.18c
n Shear Stresses in Concrete (THIN & HARD Layer)
+ (THICK & HARD Layer)
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0.5 r. 10.5
F i g u r e  5 . 1 8 d
D Radial Displacements in Concrete (THIN & HARD Layer)
*  (THICK & HARD Layer)
t
0.5 r 10.5
F i gure  5 . 1 8 e  ^
n Circumferential Displacements (THIN 8. HARD Layer)
X (THICK & HARD Layer)
Page 93
Figure 5.19 Effect of Layer Modulus on Stresses and Displacements in Concrete
in Longitudinal Direction (Thick Layer Case)
0 r. 11
Figure 5.19a
D Radial Stresses in Concrete (THICK & SOFT Layer)
+ (THICK & HARD Layer)
D Tangential Stresses in Concrete (THICK & SOFT layer) 
+ (THICK & HARD Layer)
0 r. 11
Figure 51.9c ^5
D Shear Stresses in Concrete (THICK & SOFT Layer)
+ (THICK & HARD Layer)
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D Radial Displacements in Concrete (THICK & SOFT Layer) 
X (THICK & HARD Layer)
I
0.5 Tj 10.5
F i gure  5 . 1 9 e  5^
0 Circumferential Displacements (THICK & SOFT Layer) 
x  (THICK & HARD Layer)
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Figure 5.20 Effect of Layer Modulus on Stresses and Displacements in Concrete
in Longitudinal Direction (Thin Layer Case)
0 r. 11
Figure 5.20a —
D Radial Stresses in Concrete (THIN & SOFT Layer)
+ (THIN & HARD Layer)
0 r. 11
Figure 5.20b ^
D Tangential Stresses in Concrete (THIN & SOFT layer)
+ (THIN & HARD Layer)
0 r. 11
Figure 5.20c ^5
D Shear Stresses in Concrete (THIN & SOFT Layer)
+ (THIN & HARD Layer)
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Figure 5.20d ^
n Radial Displacements in Concrete (THIN & SOFT Layer)
X (THIN & HARD Layer)
0.5 r. 10.5
Figure 5.20e ^
D Circumferential Displacements (THIN & SOFT Layer)
X (THIN 8. HARD Layer)
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Figure 5.21
The graphs show the effect of the presence of soft bonding layer 
on the stresses and displacements in the concrete at the boundary 
with respect to angle 0 (measured anticlockwise from horizontal). 
The radial stresses seem to be least affected by the presence of 
the layer as compared with the other two components. The presence 
of a thick soft layer results in a decrease in radial stress 
variation but a significant increase and decrease in variation 
of tangential and shear stresses respectively with angle ©. The 
two displacements show a similar increase in maximum variation 
with the presence of a thick layer. Without any layer, the 
variation in displacements is relatively small.
Figure 5.22
The graphs illustrate the effect of thickness of soft bonding 
layer on the variation in stresses and displacements in the 
concrete medium at the boundary with respect to angle 0. For a 
given layer modulus, the radial stress variation is more 
sensitive to layer thickness with a reduction in maximum 
variation. The tangential stress components show a relatively 
smaller increase while the shear stress shows a decrease in 
variation with 0 as a result of increase in layer thickness. A 
similar increase of both displacements is observed.
Figure 5.23
The graphs indicate the effect of layer thickness (hard layer) 
on the variation in stresses and displacements in concrete with 
respect to 0 .  Tangential stress variation is more sensitive to 
layer thickness in this case while the radial and shear stresses 
show little change. For a given modulus of bonding layer, the 
increase in layer thickness results in a decrease in radial and 
an increase in tangential stress variation. Shear stresses remain 
almost unchanged. Both displacements show a similar increase in 
this case.
Figure 5.24
The graphs show the effect of the nature of bonding layer on the 
stress and displacements at the boundary in concrete medium. For 
a given layer thickness, the increase in layer modulus results
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in small increase in radial stress variation but a significant 
decrease in tangential and increase in shear stresses. The 
variation of shear stresses for soft layer is almost negligible. 
Both displacement components show a similar decrease in variation 
as a result of increase in layer modulus.
Figure 5.25
The graphs indicate the effect of concrete moduli (for a given 
type and thickness of bonding layer) on the variation in stresses 
and displacements at the boundary in concrete medium with respect 
to angle 0 .  Radial stress shows a slight increase and the 
tangential stress shows a slight decrease as a result of increase 
in concrete modulus. The shear stress is most affected in this 
case with a relatively larger increase in maximum variation. Both 
displacements show a decrease in variation due to increase in 
concrete modulus.
In general, the following observations can be made from the 
variation in stresses and displacements with respect to 0 :
i) The radial stress variation is least sensitive to the 
presence of layer. However, for a given type of bonding 
layer, both the radial and tangential stress variation are 
sensitive to layer thickness.
ii) For a given thickness of bonding layer, the radial stress 
variation is less sensitive to increase in layer modulus. 
The shear stress is less sensitive to layer thickness but 
sensitive to the type of bonding layer.
iii) In general, the radial stress variation is reduced with 
increase in layer thickness and increased with increase in 
layer modulus. The reverse is true for tangential stress 
variation.
iv) For a given type and thickness of bonding layer, the radial 
and shear stresses show an increase in variation with 
increase in concrete modulus while the reverse in true for 
tangential stress variation.
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Figure 5.21 The Effect of the Presence of Thick Bonding Layer on Variation in Stress and
Di splacenents in Concrete Mediua at Boundary wr.t. Angle Theta
1
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F ig u re  5 .2 1 a  □ Radial stresses vs. angle theta ( NO layer)
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F ig u re  5 .2 1b  >< Tangential stresses vs. angle theta ( NO layer) 
D ( THICK layer)
F ig u re  5 .2 1 c  o Shear stresses vs. angle theta ( NO layer) 
X (THICK layer)
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Figure 5.22 The Effect of Layer Thickness of Soft Layer on Variation in Stresses and
Displacements in Concrete Medium at Boundary w.r.t Angle Theta
- 5  0. 9 5l
F i g u r e  5 . 2 2 a  □  R a d i a l  s t r e s s e s  v s .  a n g l e  t h e t a  ( T h i n  l a y e r  c a s e )
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F i g u r e  5 . 2 2 b  +  T a n g e n t i a l  s t r e s s e s  v s .  a n g l e  t h e t a  ( T h i n  l a y e r  c a s e )  
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Figure 5.23 The Effect of Layer Thickness of Hard Layer on Variation in Stresses and
Displacements in Concrete Medium at Boundary w.r.t Angle Theta
+ ( THICK & HARD layer)
F ig u re  5 .2 3b  X Tangential stresses vs. angle theta ( THIN HARD layer) 
D ( THICK & HARD layer)
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Figure 5.24 The Effect of Layer Modulus on Variation in Stresses and Displaceaents in Concrete
Medium at Boundary w.r.t Angle Theta
F ig u re  5 .2 4 a  o Radial stresses vs. angle theta ( SOFT layer) 
+• (HARD layer)
F ig u re  5 .2 4 b  X Tangential stresses vs. angle theta ( SOFT layer) 
°  ( HARD layer)
F ig u re  5 .2 4 c  o Shear stresses vs. angle theta ( SOFT layer) 
X ( HARD layer)
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Figure 5.25 The Effect of Concrete Modulus on Variation in Stresses and Displacement in
Concrete Medium at Boundary w.r.t Angle Theta
F ig u re  5 .2 5 a  n Radial stresses vs. angle theta ( Eo = 30) 
+  ( Eo = 40 )
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Chapter 5 Parametric Study of Biaxial Inclusion
5.3 Summary
A parametric study based on a biaxial instrumented inclusion 
analysis has been presented for various parameters of the 
concrete properties. Practical range of Young's moduli and 
Poisson’s ratios of concrete were used in the study. The 
calculations are based on Muskhelishvili1s method of complex 
variable and involve the use of matrix algebra. This is performed 
by using a mathematical software on a PC which provides plotting 
facilities of the results. The study only requires simple 
programming on the computer and thus provides a simple means of 
carrying out comprehensive parametric study of bonded inclusion 
problem.
Some important observations made from the parametric study 
are as follows :
i) The results confirm theoretical prediction of the 
behaviour of mild steel inclusion in concrete as rigid 
inclusion. The stress concentration factors are almost 
independent of the host concrete properties.
ii) The effect of assuming either welded or no-friction 
boundary conditions can produce significantly 
different results.
iii) The choice of bonding layer is influenced by the type 
of material used for the inclusion. A rigid inclusion 
performs best with rigid bonding layer such as cement. 
An epoxy inclusion is best used with epoxy bonding of 
either smaller or equal modulus.
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6.1 Introduction
One factor essential for evaluating the stresses in a 
structure is a knowledge of the elastic properties of its 
material, that is, a knowledge of how the material deforms under 
the action of applied loads. Thus a basic means of determining 
the elastic properties of a structural material is by inducing 
a known stress field and observing its stress-strain behaviour. 
The two most important properties required in the stress analysis 
of a structure are the Young's modulus and Poisson's ratio. These 
properties are to be used in the elasticity equations for 
computing stresses from measured strains in stress relief 
measurements. More often than not, the accuracy in the 
calculation of the stress values relies on the accurate knowledge 
of both of the two material properties. The knowledge of
the elastic modulus in particular is important to the evaluation 
of structural response of a material and the determination of 
existing stresses in a structure.
One of the assumptions made in the stress relief method of 
overcoring instrumented inclusion is that the values of the in- 
situ material properties are equal to those determined in the 
laboratory. While this is difficult to achieve in practice, both 
field and laboratory methods are to be carried out in any 
investigation for correlation purposes. This chapter reviews the 
methods of determining elastic properties of the material under 
investigation, both for in-situ and laboratory techniques. A 
simple method is then proposed for determining in-plane elastic 
properties of stress-relieved cores.
6.2 Factors Affecting the Elasticity Modulus of Concrete
As a heterogeneous multi-phase material, concrete consists 
of a cement paste matrix containing particles of sand and larger 
aggregate. The cement paste hardens progressively with age while 
the aggregate properties are quite stable and do not normally
MEASUREMENT OF MATERIAL PROPERTIES
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change significantly with time. By generalising the structure of 
concrete as a two-phase material, simple algebraic models have 
been established for the calculation of the elastic modulus of 
concrete from the moduli of the matrix and the aggregate and 
their relative proportions. Rheological models consisting of 
springs (ideal-elastic behaviour) and dampers (viscous behaviour) 
are used to define the stress strain behaviour of hardened 
concrete on mathematical basis (Dantu, 1958), (Paul, 1960), 
(Hashin, 1962), (Hansen, 1962), (Hirsch, 1962), (Counto, 1964), 
(Illston, 1965), (Greszczuk, 1966). The Hashin-Hansen model 
expresses the formula for static modulus of elasticity for two- 
phase material as,
(l-Va)Em+(l + Va)Ea 
"** ( 1 + V J  Em+ ( 1 - F J  E,E=Em.    * *   ( 6 . 1 )
where E is the elastic modulus and suffixes c,m and a refer to 
concrete, the matrix and aggregate respectively. V, is the
a
aggregate volume concentration.
It can be seen that the influence of the aggregate volume 
concentration over the practical range is relatively small 
compared to the effects of the paste and aggregate moduli which 
predominate. For high modulus material the effect of V„ can be
a
significant. The compressive strength of the concrete is 
controlled mainly by the strength of the hardened cement paste 
although the strength is influenced by characteristics of the 
aggregate. However, the modulus of the aggregate has a 
considerable effect on the modulus of the concrete and no proper 
account of aggregate modulus is taken in the estimation of the 
modulus from the cube strength alone. In general, the elastic 
modulus of concrete depends on the aggregate used, the 
compressive strength, the aggregate/cement ratio and the age of 
test. Compared with other factors, the aggregate/cement ratio is 
less significant, and since most design is based on the 
compressive strength at 28 days, the elastic modulus at this age 
mainly depends on the aggregate characteristics and the 
compressive strength of the concrete. Generally the former is of 
greater significance. There are three types of elastic moduli 
which can be obtained from the stress strain curve by loading of 
the structural material :
Page 112
Chapter 6 Measurement of Material Properties
i) The Tangent Modulus is the slope of the stress-strain 
curve obtained between two adjacent sets of data 
points or over the segment of the loading curve judged 
as the most representative of the elastic response by 
the investigator. It neglects the end effects of the 
curve and is better suited to small stress changes.
ii) The Secant Modulus is the slope of stress-strain curve 
between zero stress and the stress in question. This 
modulus should be used for complete load steps from 
zero to the desired load. The initial, concave upwards 
section of the stress-strain curve is attributed to 
closing of microcracks and other stress-damage type 
phenomena.
iii) The Recovery Modulus is a tangent modulus taken from 
the portion of the stress-strain curve where the 
stress is being removed. This modulus is generally 
higher than the other two moduli and is used in 
calculation where unloading conditions exist. The 
difference between the tangent and recovery moduli 
indicates the materials capacity for hysterisis or 
energy storing capacity.
The three types of moduli are illustrated in Figure 6.1. In a 
linearly ideal material, all the three moduli would be identical. 
The tangent and secant moduli are most commonly used in practice, 
the latter being cited by BS 1881 : Part 121 : 1983 in method for 
determination of static modulus of elasticity of concrete 
cylinder specimen in compression.
Figure 6.1 Slopes of stress-strain curve
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6.3 In-Situ Modulus Measurement Techniques
Most of the in-situ techniques have been developed in rock 
mechanics which involved measuring the deformation of a stress 
relief hole as a result of applying a known pressure to the wall 
of the hole. Other technique involved applying pressure on the 
periphery of the core which is kept intact after stress relief 
overcoring. From the relationship between the applied pressure 
and the measured deformation of either the hole or the core, the 
elastic modulus may be obtained from equations based on 
elasticity theory. In-situ techniques of measuring concrete 
modulus in existing structures has not been fully developed. Many 
methods of in-situ modulus measurement are well established in 
rock mechanics investigation in which there are a number of 
devices that can be inserted into a borehole to apply load such 
as dilatometers, penetrometers and jacks.
6.3.1 Modulus Determination Using the Goodman Jack
In this technique which was introduced by Goodman et al 
(1968), hydraulic rams are used to force curved steel platens 
against opposite segments of the hole wall. The platen separation 
is measured using two LVDT's oriented along the direction of the 
ram axis and expressed as a function of the applied hydraulic 
pressure. The schematics of the loading of the jack is as shown 
in Figure 6.2.
Figure 6.2 Loading geommetry of the Goodman Jack
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Raw data from a test consist of hydraulic-line pressure Qh 
versus readout from the LVDT's measurement of the platen 
movement. Knowing the displacement calibration of the LVDT's, the 
raw data can be transformed to a test record of hydraulic 
pressure versus hole diameter D. For each increment of pressure 
Qjj and diametral displacement U^ , the theoretical data analysis 
(Goodman et al 1970), assuming rigid jack plates and full 90° 
contact gives the expression for the elastic modulus E as,
E = a D ( ^ ) T *  ............. (6.2)
where a = Ram constant, D = Hole diameter,
Qlj/Ujj = Slope of the pressure-displacement curve over
j a given pressure range,
T = Coefficient dependent upon Poisson's ratio.
The theory of the jack is based upon the assumption that the 
tensile and compressive modulus of the material are equal and
that no tensile cracking is induced in the material due to jack
loading. The platen contact may not cover 90° of the hole 
circumference because of radius mismatch between the jack and the 
hole which has to be taken into account (Hustrulid, 1976). The 
value of the Poisson's ratio is estimated from core compression 
test or an appropriate value has to be assumed.
6.3.2 Modulus Determination Using the CSM Cell
The CSM cell (Hustrulid et al, 1975) basically consists of 
an inflatable membrane which is attached to a pressurized system. 
The special membrane is used to transmit the fluid pressure to 
the wall of a 38mm diameter hole in the material under 
investigation. A pressure generator connected to the cell by high 
pressure tubing allows monitoring of the change in system volume 
which can be expressed as a function of the applied pressure. The 
CSM system is shown diagramatically in Figure 6.3.
By a calibration procedure, the change in hole volume can 
be separated from the total volume change. Using the hole volume- 
pressure curve and equations developed from elasticity theory,
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Dial gauge 
© - •a- I ]CSM •cell inserted in hole
Pressure generator
Figure 6.3 The CSM Cell system for measuring modulus
the modulus can be determined. The modulus of elasticity E can 
be calculated from,
g=2(l+v) . (-^7T~) ..........  (6.3){Mb-Mc) u
where v = Poisson's ratio of the material,
L = effective length of membrane, 
r = hole radius,
fi = volume of pressure generator fluid per turn,
WL = stiffness of the CSM system = M^/Mg-M^
M^  = linear slope of pressure-volume curve,
Mc = stiffness of calibration cylinder,
Mjj = measured stiffness of CSM system and calibration 
cylinder.
The calibration procedure of the method is simple requiring 
the use of only one metal cylinder of known elastic properties. 
The method is very fast with data collection at one location and 
the procedure for interpreting the results is quite simple. 
However, the method does not measure the Poisson's ratio and this 
value needs to be known or estimated in order to calculate the 
E value. The pilot hole must also be drilled to a good diametral 
tolerance for accurate results and the core produced is too small 
for the conventional compression test to be carried out 
accurately.
6.3.3 The Borehole Assimulator Technique
This technique was introduced to be used in conjunction with 
the Leeman's (1969) doorstopper method of stress relief
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measurement. The doorstopper is a cell containing strain gauge 
rosette which is glued to the flattened surface of a core and is 
used to record strain relief as a result of overcoring. The 
borehole assimulator is designed such that the stress relieved 
core containing the doorstopper is loaded in such a way as to 
restore the stresses which existed in it before the core was 
overcored. The technique basically involves applying two radial 
loads to the core at right angles and measuring the applied 
pressure p and q required to restore the doorstopper strain 
readings to their values before overcoring. The diagrammatic 
representation of the assimulator is as shown in Figure 6.4.
P
Figure 6.4 The borehole assimulator technique
By positioning the core in the assimulator at the same angle 
as the direction <J) of the principal stresses, the hydraulic 
pressures p and q applied to the core will then act in the same 
directions, relative to the gauges on the core, as the principal 
stresses P and Q before overcoring. The pressures p and q 
required to restore the pre-overcoring strains are obtained and 
the modulus can be computed from the assimulator equations as 
follows :
€a= ^  [ (l-v) (p+g) +—  (1+v) (p-g) cos2§] ..........  (6.4)
AE  71
C (l~v) (p+g) (l+v) {p-g) cos2$]   (6.5)2 E  71
[ (1-v) (p+g) +—  (l+v) (p-g) sin2<j>] ..........  (6.6)7T
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where ea>€|)J€c are strains in horizontal,vertical and 45 degree
gauges due to the application of pressures p and q. 
p,q Major and minor applied principal stresses.
<j) Angle measured from the horizontal to the direction
of the major principal stress, 
v Poisson's ratio.
The magnitude of the strains obtained from assimulator 
testing are found to be very dependent upon the position of the 
core within the device. The error due to core end projection must 
also be taken into account.
6.3.4 Ultrasonic Method of Measuring In-Situ Modulus
The ultrasonic device ( BS 1881 : Part 203 : 1986 ) and (
ASTM C597-83, 1987 ) or more popularly known as the PUNDIT is a 
portable mains rechargeable digital apparatus which is suitable 
for both site as well as laboratory use. This is connected to two 
transducers which can be conveniently applied to concrete 
surface. The instrument measures the time required for a sound 
pulse of sufficient magnitude to travel through concrete medium 
between the transmitter and reciever heads. When the heads are 
placed diametrically opposite such as side of beam or column, the 
leading edge of the longitudinal wave is sufficient to activate 
the timing device. The principle of the method is schematically 
shown in Figure 6.5. The pulse velocity is simply determined by 
dividing the transit time by the distance between the 
transducers. For an infinite, homogeneous isotropic elastic 
medium, the compression wave velocity is related to the elastic 
properties as follows :
V = V( K. Ed) / p )  .................  (6.7)
where, V = compression wave velocity (km/s)
K = (l-n)/(l+ji)(l-2u)
Ed= dynamic modulus of elasticity (kN/mm ) 
p = density of the material (kg/m ) 
p = dynamic Poisson's ratio
In the above expression K is relatively insensitive to 
variations of the dynamic Poisson's ratio and hence provided that 
a reasonable estimate of this value and the density can be made, 
it is possible to compute the dynamic modulus using a measured
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value of wave velocity V. Since p and p will vary little for 
mixes with natural aggregates, the relationship between velocity 
and dynamic elastic modulus may be expected to be reasonably 
consistent despite the fact that concrete is not necessarily the 
ideal medium to which the above mathematical relationship 
applies. However, the complexity of the inter-relationships of 
various factors influencing the properties of the concrete 
entails that experimental calibration for elatic modulus and 
pulse velocity/strength relation be necessary.
The static elastic modulus can be estimated from the 
measured dynamic modulus and for most practical concretes made 
with natural aggregates, the estimate of modulus should be 
accurate within about 10%. The use of the pulse velocity method 
for measuring modulus is described in BS 4408 : Part5 : (1974). 
Although often used for relative strength assessment and modulus 
estimation, the technique is more valuable for comparative 
assessments of quality and detection of undercompacted and 
honeycombed areas. The method is affected by several factors 
including the presence of reinforcement, moisture conditions, 
path length, stress history and temperature extrimities. It is 
normally necessary to always correlate the ultrasonic 
measurements with core strengths and surface hardness test 
results.
D irect method
i  1
Indirect method
Figure 6.5 Ultrasonic velocity measurement method
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6.4 Laboratory Methods of Estimating Concrete Modulus
Standard laboratory methods exists for measuring elastic 
modulus of concrete for laboratory prepared cylinders which can 
be applied for drilled cores taken from an existing structure. 
These methods normally use compressive loading on the core and 
measuring the strain response by strain gauges. The load is 
loaded along the length of the core and thus giving the modulus 
in the direction perpendicular to the release plane. There are 
also some 'unconventional’ methods proposed by various workers 
which employ diametral loading on the core to obtain modulus in 
the release direction. This is shown diagrammatically in Figure 
6.6. These methods have been applied extensively to the testing 
of concrete in the past. The principles of the conventional 
methods and unconventional methods of testing concrete cylinders 
are reviewed in the following sections. The main purpose is to 
study the concept of diametrical loading of cores for the proposed 
re-loading method on stress-relieved concrete cores.
CONVBOTtONAL COMPRESSION TEST DIAMETRAL LOADING TEST
Figure 6.6 Compression tests on cylindrical cores
6.4.1 Conventional Methods of Estimating Modulus
In British Standard of testing concrete BS 1881:Part 121 : 
1983, the static modulus of elasticity in compression is related 
to the cube strength at the appropriate age of the concrete. The 
mean value of the compressive strength is required in order to
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determine the stress to be applied in the determination of static 
modulus. The gauges are attached on opposite sides of the core
and have a gauge length of not less than 2/3 of the diameter of
the test specimen. The gauge points should be equidistant from 
the two ends of the specimen and at a distance not less than J
of the specimen length from its ends. Demec gauges are often
conveniently used although vibrating wire gauges, LVDT’s (linear 
variable differential transducers) and electrical resistance 
strain gauges may also be employed.
BS 1881 gives the formula for static secant modulus of
elasticity E£ in compression as,
Ec (N/mm2) = A0/At = (o a -  oj,) /  ( e g -  eb) ....................  ( 6 . 8 )
where, og = upper loading stress (1/3 of compressive strength of
concrete) N/mm 
Ojj = basic stress (i.e. 0.5 N/mm ) 
eg = mean strain under upper loading stress
eb = mean strain under basic stress
6.4.2 Determination of Elastic Constants by Diametral
Compression Loading Test
a) Indirect Tensile (Brazillian) Test
Hondros (1959) has used the Indirect Tensile tests to 
determine the elastic properties of concrete. The method consists 
of applying a compressive load to a cylindrical core specimen 
along two opposite generators. This condition sets up a uniform 
tensile stress over the diametral plane containing the applied 
load and fracture occurs along this plane. The test is carried 
out in a compression machine and strips of packing material are 
normally being placed between the specimen and the platens. It 
has been shown by mathematical analysis that a compressive load 
applied perpendicularly to the axis of a cylinder and in a 
diametral plane gives rise to a uniform tensile stress over that 
plane. If a circular cylinder of radius R is compressed across 
a diameter between flat surfaces which apply concentrated loads 
of W per unit axial length of the cylinder, the stresses on this 
diameter are given by,
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_w mishzH  (6 .9 )
it R y nR(Rz-y2)
On the diameter perpendicular to this, the stresses are given by,
ax=— ]2 ............. (6.10)* it R (r 2+x 2)
By symmetry these are principal stresses and it can be seen that 
the greatest and smallest principal stresses are along and across 
the vertical diameter respectively. The major stress varies 
slowly near the centre of the cylinder but tends to infinity at 
the circumferential contacts, while the minor stress is uniform 
along the vertical diameter and varies slowly across the 
horizontal diameter. Hondros (1959) has described a method for 
determining Young's modulus and Poisson's ratio from strain 
measurements at the centre of the cylinder. This method assumes 
that these properties are the same in tension and compression in 
which for a short cylinder are given by,
E.— sa— - v -   (6.11)
tzR ( 3 e y+ex ) ( 3 e y+ex)
where e and e are the strains along and normal to the loaded y *
diameter at the centre of the cylinder respectively. Since the 
stresses vary through the cylinder, errors may arise from the use 
of gauges with a finite length, and the gauge length should be 
less than a tenth of the radius if a few percent accuracy is 
required.
b ) Method of Least Squares
Determination of the elastic constants can also be done by 
applying the Method of Least Squares to the data points obtained 
from diametral compression tests on cores. Strain measurements 
are generally accomplished by using 45° strain gauge rosettes for 
strains ej, £ 2 and . If for a given body diametral compression 
tests are carried out on each principal plane along different 
directions with readings of strains ej, 6 2 and £j, the elastic 
constants can be determined by reducing to the least the value 
A,
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^   (6.12)
In the above expression e. represents a strain when i=l,2,3 and 
a distortion when i=4,5,6. Likewise, Oj, will be a normal stress 
for k=l,2,3 and a shear stress when k=4,5,6. Hence we shall have,
^2~^y  ^ 3  _ € z  e 4  ~y yz 6 5 ~y zx e6_Y xy 
°l = ax  ° 2  =  ° y  ° 3 = a z ° 4  ~Xyz ° 5 =X2X ° 6  = T x y
The least value of A is obtained by making the derivatives 
6A/<5a.[, equal to zero, which through the resolution of the system 
of n equations in n unknowns thus obtained will supply the most 
probable values of the elastic constants a^. This method is 
particularly useful for studying anisotropy in a material (Evans, 
1961), (Hobbs, 1964). The size of equations for isotropic 
materials will reduce significantly.
c ) Point Load Strength Test
In the Point Load Strength Test which is essentially a 
tensile strength test, Robins (1980) has shown that the test 
which is an accepted method of rock strength classification, may 
usefully be applied to concrete cores. The test involves applying 
a compressive load across the diameter of the core by means of a 
hydraulic jack with the specimen held between spherically 
truncated conical platens. It has been found that the point load 
strength index is indirectly related to the concrete compressive 
strength, although core size and aggregate type may affect the 
relationship. For a given aggregate and core size, the index
varies linearly with cube strengths for strengths greater than020 N/mm . It is not evidently clear how the elastic modulus can 
be related to the strength index obtained from the test. The main 
advantage of this method is that trimming and capping are not 
required and the testing loads are lower thus permitting the use 
of small portable equipment on site.
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d) Pressure Chamber Test
In-plane elastic properties of stress-relieved cores can 
also be determined from biaxial Pressure Chamber Test developed 
by US Bureau of Mines (Fitzpatrick, 1962). The core is placed 
inside a metal jacket with neoprene lining in the inside and 
pressure is applied by a hand operated hydraulic pump. The 
biaxial test principle has been extended to triaxial testing 
(Obert, 1964; Leonard, 1964) and to anisotropic test and 
computation (Becker, 1969).
6.4.3 Triaxial Test on Solid and Hollow Cylinders
Elastic constants can also be determined from triaxial tests 
using strain gauges mounted to the exterior surface of the solid 
or hollow cylindrical core as being used in rock testings.
i) Forasolid cylinder, the relationship between the modulus, 
the applied axial stress, the confining pressure and the 
axial strain is given by,
°1'2VP°   (6.13)
C1
If p is maintained constant, the incremental change in 
axial stress and axial strain then can be related to give 
the modulus of elasticity; E = Aa^/Aej.
ii) When a hollow cylindrical core with strain gauges attached 
on its external surface is tested in a triaxial cell with 
internal pressure p=0, the axial strain is given by,
o. 2vp0bz , ve =__A- ...    6.14
1 E E(bz-a2)
where a=hole radius and b=outside radius of cylinder.
iii) In testing of hollow cylinder, the modulus can also be 
determined by measuring the deformation of the central hole 
given by,
4 ( 1 - v 2) ab2p0 , KU=-   —  - 2 a v e ,  .............................  6 . 1 5
E(bz-az) 1
when p^ is maintained constant, the Poisson's ratio can be 
determined from v = HAU/Ae,) and when the axial stress is 
maintained constant, the modulus can be calculated from the 
equation ,
E = -[4ab /(b -a ) ] (Apfl/AU) .........  (6.16)
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The measurement of changes in the internal diameter of a hollow 
cylinder is possible by measuring the change in the internal 
volume of the fluid and allowing for the compressibility of the 
fluid and the axial strain of the specimen.
6.5 Proposed Method for Determining In-Plane Elastic Properties
of Stress-Relieved Gores
Conventional compression test on extracted cores involves 
the application of load along the specimen length and thus 
provides the value of the modulus in a perpendicular direction 
to the stress release. In order to obtain the modulus parallel 
to the release plane, diametric application of the load is 
necessary, a concept similar to that of the borehole assimulator 
technique (Section 6.3.3) and the biaxial pressure chamber method 
(Section 6.4.2d). This can be achieved by converting the 
cylindrical cores into octagon or cube shape by means of casting 
concrete around them in a purposely made mould. This will enable 
the load to be applied in the same direction as the stress 
release. By using the octagon, it is possible to apply load in 
one direction at a time and use the principle of superposition 
to combine the results. Furthermore, the stress-relieved core can 
be 're-loaded' to 're-establish' the original strain readings in 
the gauges and thus provides a means to assess the stresses in 
the concrete before the coring. The method of determining the in­
plane properties using the octagon is now described.
6.5.1 Octagon re-loading method for determining
stresses and material properties of relieved 
cores
This particular technique was suggested by Mehkhar-Asl 
(Gifford and Partners) through a personal communication in 1989 
and is particularly useful for stress-relieved cores obtained 
from the conventional core-drilling operation. It may be used in 
conjunction with the inclusion technique in which the portion of 
the relieved core not containing the inclusion is cut and trimmed 
to size for conventional compression modulus testing. Thereafter 
it is cut into 100mm lengths to be converted into octagons.
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6.5.1.1 Method of preparation
The 100mm long cores are converted into octagons by casting 
concrete around it in an octagonal steel mould measuring 100mm 
in thickness and 80mm in length along each sides. The detail of 
the steel mould is as shown in the Appendix C. The body of the 
core is roughened by making grooves on its surface using a 
diamond cutter in order to improve the bond between the core and 
the concrete around it. The concrete is also nominally reinforced 
by a sheet of chicken wire mesh to obtain a more uniform 
distribution of load during loading of the octagon. Although the 
concrete mix is not highly crucial, it is suggested that 5mm to 
10mm size aggregates are used in order to minimize the effects 
of aggregate sizes on the stress distribution. The octagon- 
converted cores are then allowed to cure for about 28 days during 
which period they are kept under water. Thereafter they are 
allowed to dry for at least a week before testing. A typical 
octagon specimen prepared as described above is as shown in 
Figure (6.7).
Figure 6.7 A typical octagon converted core specimen
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6.5.1.2 Loading method on the octagon specimen
After the octagon has attained its 28 day strength and is 
ready for testing, the position of the 100mm Demec gauge points 
in 45 degree rosette arrangement on both faces are checked for 
correct alignment and if necessary modified to be symmetrical 
with respect to the axes of the octagon. The octagon is then put 
in a universal compression machine where loads are applied in 
steps of 20 kN to about 100 kN; the load readings being monitored 
using a load-cell with a data-logger. The Demec gauges are read 
at each loading increments. The strains in the longitudinal, 
transverse and 45 degree directions are calculated for 10 kN of 
load using the least-squares method. Averages of corresponding 
strain values on both faces of the octagon are obtained to 
minimize the load ecentricity effects and the average correlation 
coefficients are obatined for each strain direction. The straight 
edges of the octagon specimen allow loads to be applied along 
four directions one at a time and the results combined to provide 
an overall average. The typical arrangement for the octagon re­
loading test is as shown in Figure (6.8).
Figure 6.8 Arrangement for octagon re-loading test
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6-5.1.3 Method of calculation
For simplicity, the analysis is carried out by assuming that 
the principal strains are acting along the longitudinal and 
transverse directions only. Such approximation is usually 
applicable for most civil and structural engineering problems in 
practice. The method of determining stresses and material 
properties from the loading of octagons is as follows :
i) Obtain [er], the vector of the measured strain release 
from site measurement using 45 degree rosette on the 
face of the core.
(6.17)
where el, et and e45 are the measured longitudinal and 
transverse principal strains and 45 degree strains 
respectively.
el
et
e45
ii) Derive [S] which is the matrix of strains for unit 
load obtain from strain readings in the loading of the 
octagon (Figure 6.9). This is done by applying the 
superposition theory as follows:
ec = <
el ■ F1 + et■Ft + €?45' F45 )/10
et *F1 + e^ Ft + e45 * F45 )/io ...........  (6
e45 * F1 + e45 • Ft + el - F45 )/10
[ e ] = [ S ].[ F ] thus [S] is given by,
el et e 45
[ S ] = et el e 45 . 10'1 .....(6
e 45 e 45 el
where e^ , e,. and e^ are the longitudinal, transverse't '45
and 45 degree strains respectively, obtained from the 
loading of the octagon, (per lOkN of load)
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iii) Determine [F] the vector of unknown forces required to 
're-establish' the original measured strain release in 
the gauges during site measurement. This is related to 
the strains in the octagon loading test as follows :
t er ] = [ S ].[ F ] where [ F ] =
FI
Ft
F45
  (6.20)
where FI, Ft and F45 are the forces measured in 
longitudinal, tranverse and 45 degree directions in 
the loading of the octagon.
iv) Obtain a relationship between the strains in the 
octagon and the elastic parameters of the concrete 
from a numerical analysis (see Figure 6.10) based upon 
a practical range of assumed values for E-modulus and 
Poisson's ratio.
The longitudinal, transverse and 45 degree direction 
strains in an ocatgon (100mm thick, 80mm sides) due to 
a unit load in the longitudinal direction along each 
side in turn (for EQ = 35kN/mm^ and vQ = 0.15, 0.20 and 
0.25 ) are given by :
= (-2 1 .3 -4.9v0)   (6.21)
et=-Mr (4.5+17.1v0)   (6.22)8£0
e45 = -||-(-5.9+8. lv0) ..........  (6.23)8A0
v) Transform the forces (F ] required to re-establish the 
original strains as obtained in (iii) into a system of 
stresses [ a ] of the concrete. This is given in the 
form of :
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C a ] = [ K ].[ F ] (6.24)
where [ K ] is the matrix of stress concentration factors 
calculated numerically based on a numerical model and 
elasticity theory. For a Poisson's ratio of 0.20 [ K ] is 
calculated as :
[ K ] =
0.1310 
-0.0301 
-0.0067
-0.0301 
0. 1310 
-0.0067
0.0404
0.0404
0.0872
10 -1
(6.25)
FI r-\45/V)V
e a  ■ el.FI + et.Ft + e45.F45 
e b  ■ et.FI + el.Ft + e45.F45 
ec = e45.FI + e45.Ft + el.F45
A. a
. 
. 
. 
W 
|
NO 
J
5
>
r
-
y
Figure (6.9) Application of superposition principle to determine the strain matrix in octagon reloading test
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A quarter section of an octagon
Figure 6.10 Numerical model of octagon reloading test
6.5.2 Re-loading of stress relief core containing
instrumented inclusion
A method is proposed in which the portion of the stress 
relief core containing the instrumented inclusion is re-loaded 
for estimating the in-situ stresses in the concrete. This is done 
by converting the core portion into a prism by casting concrete 
around it in a mould. The re-loading of the prism containing the 
relief core and the inclusion provides a means of re-establishing 
the original strain readings in the gauges after overcoring. From 
the measured 're-establishing loads' on the prism, the in-situ 
stresses prevailing in the concrete before the overcoring 
operation can be estimated. The method for preparing the prism 
sample is similar to that of the octagon and the procedure is 
described as follows :
a) The portion of the relief core containing the inclusion is 
carefully cut by a diamond saw to appropriate dimension. 
Extreme care must be observed so as not to damage the 
inclusion during the cutting operation. The wires from the 
inclusion must be covered with suitable insulation to 
protect from ingress of water during cutting. Grooves are 
made on the body of the core by using the diamond saw so as 
to roughen it to improve bonding with concrete.
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b) If the core is long enough, the portion not containing the 
inclusion is used for conventional compression test for 
modulus and then subsequently converted into octagons for 
further re-loading test. If the core contains 100mm 
inclusion, a mould 300 x 300 x 150mm is used to cast
concrete around it. Chicken-wire mesh is used to strengthen 
the concrete around the core. Standard cubes are also
prepared for strength determination and the 28-day curing 
is also applicable as in octagon specimen.
c) The prism is then loaded in a universal compression machine 
in steps of say 20 kN up to a suitable maximum load
depending on the compressive strength of the specimen.
Strains in each of the gauges in the inclusion are recorded 
at each load interval and a load-strain curve is plotted. 
Regression line for each strain gauge is obtained using the 
least squares method and the loads required to re-establish 
the original readings in each gauges are obtained from 
extrapolation of the curves. Using the calibration factors 
obtained from laboratory tests, the 'calculated' stress can 
be obtained. This value is an estimate of the original 
stress in the concrete before the drilling operation and 
can be compared with the value obtained from overcoring 
solution. The procedure is schematically shown in Figure 
(6.11).
Figure 6.11 Schematic procedure of reloading of relief core
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6.6 Summary
The working principles of various laboratory and in-situ 
methods for determining concrete modulus have been reviewed and 
their relative merits pertaining to their applicability to 
structural concrete investigation are discussed. The main 
underlying principles of these methods is based upon measurement 
of strain response of a structural material under the influence 
of an applied known stress field. The knowledge of elastic 
constants of the material under investigation, particularly the 
Young's modulus and Poisson's ratio are most important for the 
evaluation of its structural response and the determination of 
existing stresses in the structure. In most cases, the accuracy 
with which the stresses in a structure can be predicted from 
measured strain response is influenced by the accuracy of the 
values of these properties.
In the coring or overcoring test, the values of the elastic 
constants in the direction parallel to the stress release are 
required. Conventional compression tests on concrete cores 
normally apply loads along their length to assess the modulus. 
This requires that the length to diameter ratio to be about two, 
which may not be the case in all situations. The modulus obtained 
in this way is in perpendicular direction to the stress release. 
In order to obtain the material properties in the release 
direction, the load on the core must be applied along its 
diametric plane, a concept similar to that of borehole 
assimulator technique and biaxial pressure chamber. In this 
study, a simple method of applying load along the diametric 
direction to the core is employed. This involves converting the 
core into an octagon or a prism by casting concrete around it in 
a mould. The re-loading of the relief core along its diametric 
direction provides a means of assessing the elastic properties 
in the release direction and assessing the forces required to re­
establish the original strain readings in the gauges.
The main disadvantage of this method is the length of time 
required for preparation and curing of the octagon or prism 
specimen for the re-loading test. In addition, the properties of 
the core may have changed slightly since its extraction from the 
structure. The electrical resistance strain gauges may also
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become less stable after a long period of time between the 
drilling of the core and the re-loading test on the octagon. 
Nevertheless, the method does provide a cheap and simple way of 
estimating the Young's modulus and Poisson's ratio of the 
concrete in the release direction. It is thus recommended that 
various methods to be used for modulus determination during site 
instrumentation work. These include the pulse ultrasonic 
measurement at core position before coring and the in-situ 
jacking test on the core hole left by coring. Values obtained 
from each method can provide a useful guidance on the most 
probable value of the concrete modulus.
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DESCRIPTION OF THE EXPERIMENTAL TECHNIQUE
7.1 Introduction
This chapter describes the development of the proposed 
experimental technique involving the stress relief method of 
overcored instrumented inclusion for stress determination in 
concrete elements. The initial stage of the study was devoted to 
the design and construction of the instrumented inclusions 
refered to as inclusion ’ stressmeters'. These are not actual 
stressmeters as the quantities measured are strains rather than 
stresses. The transformation of measured strains into stresses 
requires both theoretical as well as experimental data to 
validate the proposed technique. The details of related 
experimental work are described.
7.2 Principle of the Experimental Technique
The technique is based upon the stress relief concept in 
which strain change is measured as a result of relieving the 
stresses by coring a hole in a stress field. The action of hole- 
drilling disturbs the equilibrium of the stresses in the vicinity 
of the hole resulting in a measurable strain on the surface of 
the part in the neighbourhood of the hole and the periphery of 
the core. This concept is extended to the case in which the 
stress relief is monitored when an instrumented cylindrical 
inclusion is concentrically overcored by a larger diameter drill 
bit. The action of the overcoring relieves the stresses in the 
annulus so formed thus render it stress free. The pre- and post­
overcoring strain measurements are used to estimate the stresses 
at the point of measurement.
The principle of the proposed experimental technique 
involves diamond-coring a small pilot hole 42mm diameter in a 
concrete element under a known loading regime. An instrumented 
cylindrical inclusion 40mm diameter is then inserted into the 
pilot hole and bonded into position. The inclusion is 
instrumented with electrical resistance strain gauges in such a
Page 135
Chapter 7 Description of Experimental Technique
way as to measure the strain change induced in the inclusion when 
the assembly is overcored by the standard 150mm diameter core 
bit. The action of overcoring relieves the core from the 
surrounding stresses and the material of the core expands or 
contracts to an unstressed state, the resulting strain changes 
being recorded by the instrumentation attached to the inclusion 
and the core. If the material properties are known, the strain 
change can be directly related to the magnitude and direction of 
the stress change induced in the overcored annulus. The materials 
are assummed to be elastic and isotropic and a perfect welded 
boundary condition is assumed at the interface between the 
inclusion and the host concrete. The re-loading of the relief 
cores containing the inclusions with the gauges still intact, 
provides a means of re-establishing the original strain readings 
in the gauges. This will also allow the in-situ stress field to 
be estimated.
7.3 Instrument Design and Construction
It is anticipated that the ideal requirements for a 
convenient stress measuring technique will include the following 
features :
i) simple in design but having reliable measurement with 
reasonable accuracy;
ii) relatively easy mathematics in the analysis which can 
be easily incorporated with the use of a PC;
iii) compatible with automatic data acquisition system with 
PC for fast and easy recording of data;
iv) simple method of determining material properties with 
reasonable accuracy;
v) conveniently adaptable for field applications with 
simple instrumentation method.
Three types of instrumentation are considered in the study of 
bonded inclusion for stress relief measurement. A biaxial mild 
steel inclusion is used for bi-dimensional stress measurement and 
the other two are triaxial epoxy inclusions with different types
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of instrumentation for tri-dimensional stress measurement. The 
design and construction of these inclusions is described in the 
following sections.
7.3.1 Design Considerations
The findings obtained from the literature study (Sections
2.4 and 3.5) and the parametric study of bonded inclusion 
(Chapter 5) help to provide some important points in the design 
of the instruments. Some of the basic general points considered 
in the design of all types of instruments are as follows :
a) The size of the strain gauges should be kept as large as it
is practically possible to obtain a better averaging effect 
and minimise the inhomogeneity effects due to aggregate 
sizes. The arrangement of the gauges and their leads is
such that, readings in the strain gauges can be recorded
during overcoring operation. Incremental overcoring can 
give useful evolution curves.
b) In the biaxial instrument, a minimum of one three-element 
rosette should be attached to a diametric section of the 
cylinder. This arrangement will give a change in secondary 
principal stresses in one single measurement. In the case 
of triaxial inclusion, a minimum of three rosettes each 
containing three strain gauges should be attached to the 
circumference of the cylinder at each installation. If the 
rosettes are suitably placed around the inclusion, each set 
of measurement would give nine well-conditioned equations 
which could be solved by least squares method to obtain a 
full stress tensor.
c) The thickness of the bonding layer has to be small but the 
bonding material must be strong enough to withstand tensile 
stress developed at the interface during overcoring. In 
general, the effect on the stress concentration factors of 
the elastic constant and thickness of any annular bonding 
layer should be small.
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d) For convenience and economy in diamond core-drilling, the 
size of the overcoring bit has to be as small as possible. 
However, this point must be considered along with the 
requirement for the ratio of overcoring diameter to pilot 
hole diameter to be large enough (greater than 3) to 
minimise the boundary effect on strain readings. The use 
of standard 150mm or 6 inches (152mm) diameter core bit is 
considered desirable.
e) Elastic properties of the host concrete is to be measured 
by applying external loads to the annular core containing 
the inclusion and taking strain readings with the original 
gauges left intact. The diametric loading of the core will 
allow properties in the release plane to be determined. A 
method of loading the relief core to more closely simulate 
the initial stress conditions in-situ would be desirable 
although rather difficult to achieve. Alternatively, the 
modulus can be determined using internal in-situ jacking 
test performed on the hole left by coring (Mehrkar-Asl, 
1989).
f) The process of drilling pilot holes, installing the 
inclusion, overcoring and measuring the elastic modulus has 
to be as quick as possible to minimise the effects of time- 
dependent factors.
The design details of each of the instrumented inclusion 'stress 
gauges' are described in the following sections.
7.3.2 Rigid Biaxial Inclusion 'Stress Gauges'
Mild steel is used for the inclusion material thus having 
the advantage of a rigid 'stressmeter', namely, its insensitivity 
to changes in the elastic properties of the host concrete. The 
stress concentration factors for this particular inclusion with 
various types of bonding layer and boundary conditions have been 
shown in Chapter 5.
A simple design of the rigid biaxial mild steel inclusion 
meter is as shown in Figure (7.1). Strain gauge rosette 
containing gauges in at least three directions is bonded on a
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diametric section of the 40mm diameter, 100mm long cylinder for 
bi-dimensional measurement. The type of gauges used is TML 
integral lead gauge series FRA-5-1L having a gauge length of 5mm, 
gauge factor of 2.1 and nominal resistance of 120£2. The use of 
integral lead type obviates the need to weld connections with 
connecting terminals thus reducing errors which may arise due to 
bad connection. Grooves or holes may be made to accommodate the 
wires of the gauges so that they come out from the back end of 
the core. Recess having diameter just slighlty smaller than the 
pilot hole is provided at both ends and in the middle for 
centralising purpose. The welded-welded boundary condition at the 
interfaces can be accomplished by having a rough or knurled 
finish on the body of the inclusion. The ends of the cylinders 
are screw threaded so that individual inclusions may be connected 
to form series of instrumented stressmeters of a desired length 
across a concrete section. For this type of biaxial 
instrument, only changes in the secondary principal stresses can 
be determined in a single measurement rather than a full stress 
tensor. However, this should be adequate for many practical 
engineering situations. Plate (7a) shows the prototype mild steel 
biaxial inclusion. The details of the design of the mild steel 
cylindrical inclusion are shown in Appendix C5.
Biaxial inclusions connected In series.
Figure 7.1 A simple mild steel biaxial inclusion gauge
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Plate 7a A prototype mild steel biaxial stress gauge
7.3.3 Triaxial Inclusion 'Stressmeter' Type I.
Low creep, low shrinkage and low modulus epoxy resin is used 
to cast the body of the inclusion by using a steel mould shown 
in Plate 7b. The details of the mould are shown in the Appendix C3. 
In this particular type, three rosettes (of the same type as 
above) containing three strain gauges are positioned around the 
circumference of the inclusion (Leeman 1968) at positions 8=0,/t/2 
and 57i/4. The location and orientation of the gauges are as shown 
in Figure (7.2) from which it can be seen that, at 8=0 and 57i/4 
the three gauges are in direction <{> = 0, tc/2 , rc/4 and at 8=7t/2 the 
directions are <j>=0, 7t/ 2,-ti/4 . The gauges <{>=0 measure ez , the 
gauges <J>=7t/2 measure e^ and the gauges <J>=±ti/4 measure e^. For a 
concrete inclusion (see Chapter 8), strain gauge TML type PR-20 
with gauge length 20mm, gauge factor of 2.1 and a nominal 
resistance of 120Q is used in order to minimise the effect of 
aggregate size. Air-drying Neoprene rubber coating material type 
TML N-l is used to waterpoof the gauges. The coating is left to 
dry for at least 12 hours after which the resistance of the 
gauges is checked.
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7.3.4 Triaxial Inclusion 'Stressmeter' Type II
In the second type of triaxial instrument, ten two-element 
strain gauge rosettes are bonded onto orthogonal diametric planes 
and to a plane normal to the axis of a small epoxy 28mm cube unit
( Figure 7.3 ). This arrangement of gauges satisfies the
requirement that strain observations be taken in the x, y and z
directions and in the xy, yz and zx planes at 45° to the
principal directions (Rocha & Silverio, 1969).
Plate 7b Steel mould for casting epoxy cylinder
Figure 7.2 Orientations and locations of gauges (Leeman)
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Position o f strain gauges on a small Encapsulated strain-gauged cube in epoxy cylinder 
28mm epoxy cube
Figure 7.3 Orientations and positions of strain gauges
(Rocha & Silverio)
Plate 7c Method of encapsulating a strain-gauged unit into a 
complete cylinder.
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The gauges used in this inclusion are of the biaxial type 
TML FCA-5-1L (integral lead series) with gauge length of 5mm, 
gauge factor of 2.1 and nominal resistance of 120Q. After the 
gauges are properly coated with waterproofing material, the 
strain-gauged cube unit is positioned inside the steel mould and 
turned into a complete cylinder by casting epoxy resin of same 
properties around it. Plate (7c) shows the process of 
encapsulating the strain-gauged unit in a cylindrical mould. The 
resistance of the gauges is checked before and after 
encapsulation.
The properties of the epoxy used for casting the inclusions 
are checked by the procedure recommended by BS 6319:Part 6 (1984) 
at the time of casting and before testing work. The variation of 
epoxy properties with time can be assessed by testing the 
properties of the samples prepared during construction of the 
inclusions before overcoring work. In laboratory work, a data 
logger is used in conjunction with PC-based data acquisition 
system for automatic recording of the strain readings. In field 
testing a portable data logger or a Peelcel strain measuring 
instrument is used. A laptop computer can be conveniently used 
with the portable datalogger on site for speedy data acquisition
and data transfer to floppy disks.
7.4 Installation Aspects of Bonded Inclusion
Crack injection epoxy resin of low modulus is used as the
bonding agent to bond the inclusion into the pilot hole. 
Depending on the size of the clearance between the inclusion and 
the concrete, a standard low viscosity resin or the thixotropic 
type resin may be used. The former type is suitable for very thin 
clearance while the latter is used for larger clearance when it 
is not possible to completely seal the opening. Two methods of 
installation of the inclusion are considered :
7.4.1 Bonding by Crack Injection Kit
For clearance width of less than 2mm, a low viscosity, 
standard resin is used. For larger clearance, the thixotropic 
type is used. A typical type is SBD Epoxy Plus Injection Resin.
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The epoxy resin and hardener come in standard pack and should be 
mixed according to the manufacturer's instructions. The pilot 
hole is first cleaned from any debris left by coring and it must 
be ensured that it is dry and free from any oil or grease. After 
centering the inclusion into position in the pilot hole with 
suitable spacers, the clearance between the inclusion and 
concrete is then sealed with crack sealer provided and two 
nipples are attached at the top and bottom. Care must be taken 
not to block the nipples holes with adhesive compound. If the 
pilot is a through hole, the back end must also be sealed but no 
nipple is attached.
Once the crack sealer has hardened which normally takes 
about an hour, the injection resin is mixed and placed in the 
assembled cartridge. The plastic tube is then pushed over the 
bottom nipple, clipping firmly in place with jubilee clip 
provided, opening the restrictor clamp and the resin is then 
gently pumped in using the hand operated skeleton gun. When the 
resin is extruded from the top nipple, and air is displaced, the 
nipple is pinched as it becomes filled. The resin is left to cure 
until the next day when the nipples are broken and removed. The 
surface is then ground off and the assembly is ready for 
overcoring. The procedure is schematically shown in Figure (7.4).
The Inclusion Is Inserted with spacers 
lor oentmMng. Nipples are attached et 
top and bottom as shown.
Crack sealer is applied 
to cover all the opening 
at coring tape and beck.
Oeugi
pWr t c tubtng
lnt*dk>n oun
Crack Injection epoxy resin Is Injected through the bottom nipple until 
the resin is extruded from the top nipple. The nipples ere then sealed.
Figure 7.4 Schematic procedure of bonding with crack
injection kit
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7.4.2 Manual Installation for Thick Intervening Layer
For thicker intervening layer between inclusion and 
concrete, a high viscosity thixotropic crack injection resin is 
used manually. The procedure is now described. Both the pilot 
hole and the inclusion should first be cleaned and free of any 
grease or dirt. After marking the precise position of the 
inclusion and putting suitable spacers for centralising, the 
inclusion is smeared with highly viscous, slow flowing epoxy. The 
pilot hole is also smeared with epoxy and the back end is 
blocked. The inclusion is then pushed inside the pilot hole until 
the excess epoxy is extruded from the front end. The orientation 
of the inclusion must be corrected before the epoxy becomes 
tacky. The procedure is schematically shown in Figure (7.5).
Manual method o f installing inclusion using high viscosity epoxy
Section of structural element Section of structural element
The inclusion is also smeared 
with the epoxy Ponding material
The hole is smeared with the The inclusion is inserted into the
high viscosity epoxy Dilot hole until epoxy is extruded.
Figure 7.5 Manual installation procedure
The manual method should not, however be used for layer 
thicker than 10mm to avoid non-uniformity of the bonding agent. 
Care must be taken to ensure that, when using the thixotropic 
grade epoxy, the resin must be thoroughly stirred before adding 
the hardener. The mixture must also be thoroughly mixed,
otherwise the required properties cannot be achieved.
The typical properties of the crack injection epoxy used in the 
study are as follows :
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The typical properties of the crack injection epoxy used in the 
study are as follows :
Usable life at 10°C 1| - 2 hours
In cartridge 20°C 45 mins - 1 hour
30°C 30 - 45 mins
Mechanical properties to BS 6319 : Part 6 (Cured at 20°C)
Compressive strength 24 hours 45 N/mm;
7 days 80 N/mm
Modulus of elasticity 3 kN/mm
Tensile strength 20 N/mm
Flexural strength 55 N/mnr
Slant shear bond strength 60 N/mm
(concrete/concrete)
2
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7.5 Description of Experimental Work
The main purpose of the experimental work was to calibrate 
the overcoring inclusion stress relief technique in conjunction 
with surface strain gauging technique for stress measurement in 
concrete structural elements.
7.5.1 Scope of Experimental Work
The main experimental work involved the following :
i) Material testing and Other Properties.
This mainly involved the conventional compression testing 
on prepared samples for determination of E-modulus and Poisson's 
ratio. The measurement of E-values were also checked by pulse 
ultrasonic measurement using the PUNDIT. Compressive strengths 
were obtained from crushing tests on standard cubes and prisms.
ii) Unloading Test on Concrete Blocks.
Concrete blocks were prepared with pre-made pilot holes in 
the centre. The holes were filled with instrumented inclusions 
and tested on universal compression machine. The purpose of 
loading/unloading tests on concrete blocks containing the 
inclusions were twofold :
a) to check material properties from loading and 
unloading of the concrete blocks;
b) to check the practicality of the installation method 
and the applicability of the technique and analysis. 
The unloading of the blocks was to simulate the 
overcoring process.
iii) Overcoring Tests on Concrete Blocks
The overcoring tests on the block samples were performed on 
a small testing frame designed for uniaxial loading. Eight 
concrete blocks with pre-made holes and eight plain ones were 
subjected to overcoring tests under known uniaxial compression. 
The main purpose of these tests were :
a) to assess the practicality of the pilot hole drilling, 
instrument installation and overcoring technique as 
well as recording method;
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b) to obtain overcoring curves on each samples and check 
the applicability of the analysis;
c) to compare the overcoring results with the unloading 
tests of the same blocks.
iv) Re-loading tests on Concrete Block
The same concrete blocks were re-installed with their
respective relief cores containing the inclusions and were then 
subjected to a series of 're-loading’ tests. The main objective 
of the re-loading test was :
a) to check the applicability of the re-loading method to
re-establish the original strains in the gauges;
b) to estimate the original stresses from the re­
establishing loads;
c) to correlate the results with the unloading and
overcoring tests of the same blocks.
v) Overcoring Tests on Concrete Slab Specimens
Slab specimens were tested in uniaxial compression in a
large testing frame. Overcoring tests were performed on six slab 
specimens and the relief cores were converted into octagons and 
prisms for subsequent re-loading tests. The main objective of 
these tests was :
a) to assess the edge effects by using larger samples and
comparing with smaller block samples;
b) to obtain overcoring curves under larger compressive
loading;
c) to check the applicability of re-loading method using
both the prism and octagon methods;
d) to correlate the results with those obtained from
block samples.
The details of each experiment and its results are presented 
and discussed in the preceeding chapters. The following sections 
outline the procedure of the experimental work.
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7.5.2 Instrumentation and Loading of Block Samples
Sixteen 300mm cubes were prepared for calibration tests, 
eight of which contained pre-made (through) pilot holes 42mm 
diameter. The holes were made by means of a solid steel cylinder 
connected by screws to the base of timber mould. The other eight 
were plain cubes. Demec gauge points 200mm and 100mm gauge 
lengths were attached around the pilot holes on both faces in 45° 
rosette arrangement to measure surface strains. On the sides 
parallel to the hole direction, longitudinal and transverse 200mm 
demec points were attached to measure elastic constants during 
initial compression test. Biaxial and triaxial instrumented 
inclusions were installed inside the holes in the concrete 
blocks. Each block was placed between two other identical blocks 
so that a column having a height to width ratio of 3:1 was 
obtained and edge effects near the loading platens could be 
minimised. The loaded faces of the blocks were levelled using 
Plastic Padding's chemical metal with each other and with top and 
bottom 25mm thick steel plates. The blocks were uniaxially loaded 
in a universal compression machine to 450kN and then unloaded at 
50kN intervals to simulate overcoring of the inclusions; the 
readings in the gauges being read at each load interval. The 
details of the surface gauging on the blocks and the arrangement 
for the unloading test in the compression machine is as shown in 
Figure (7.6) and Plate (7e).
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Figure 7.6 Gauging and instrumentation of the block 
specimen in unloading test.
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Plate 7e Arrangement for block unloading test
The blocks containing the instrumented inclusions were then 
subjected to overcoring tests in which 150mm diameter bit was 
used to overcore the inclusions. Due to difficulties in setting 
up drilling equipment with the universal testing machine, a small 
uniaxial testing frame was erected for the overcoring purpose. 
A hand pump was used to apply the necessary pressures on the 
block and load cell was used to monitor loading using a data 
logger. Each block was levelled accordingly and then overcored 
at increments of 25mm under loading of 220kN. The strain readings 
and the temperature of the drilling water at each increment were 
recorded and evolution curves were obtained. The plain blocks 
were diamond-cored under load and any partial stress relief was 
measured from surface strain measurements before the instrumented 
inclusions were bonded into position in the pilot holes and 
overcored. Two standard 100mm cubes and a prism for each block 
were tested at the same time as the overcoring test on the block 
was carried out to obtain the elastic constants and concrete 
compressive strengths. Pulse ultrasonic measurements were also 
taken on the plain blocks to check the modulus. The small 
cylinders obtained from pilot hole drilling in the plain blocks
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were instrumented and re-used as inclusions. The typical 
arrangement for the overcoring tests on concrete blocks is as 
shown in Figure (7.7). The drilling machine was stabilised by two 
huge concrete blocks to prevent it from wobbling and the drill 
base was fixed to the floor. Plate (7f-l) shows a typical scene 
of drilling of pilot hole in the block under loading and Plate 
(7f-2) shows the small diameter core obtained from the hole- 
drilling. Plate (7g-l) shows typical scene of overcoring a block 
specimen containing a bonded instrumented inclusion and Plate 
(7g-2) shows a relief core obtained from overcoring.
The strain readings in each relief core containing the 
inclusion were monitored by the data logger at every hour over 
a period of 12 hours and until no further change was observed. 
The relief cores were then re-installed back into the blocks and 
re-loaded under uniaxial compression to re-establish the original 
strain readings in the gauges. This was to simulate the re­
loading method of the relief cores converted into prisms. Plate 
(7g-3) shows a core re-instated into the block for re-loading 
test. The core was centred inside the hole in the block using 
spacers and one end was sealed with plastic padding. Epoxy mortar 
was used to cement the core to the concrete surface.
Diamond-core bit 
150mm diameter
overcaring inclusion in 
block specimen under loud
30 tonne capacity test frame erected 
on strong floor for overcoring tests on 
c o t  crete blocks.
HYDRAULIC PUMP
Figure 7.7 Arrangement for overcoring test on block.
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Plate (7f-l) A scene of pilot hole drilling in block
Plate (7f-2) Small diameter core obtained from drilling of 
pilot hole (42 mm dia.) in block.
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Plate (7g-l) Scene of overcoring using 150mm diameter bit on 
block specimen.
Plate (7g-2) Relief core containing inclusion obtained from 
overcoring.
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Plate (7g-3) A core re-installed into the block using epoxy 
mortar for re-loading test.
7.5.3 Instrumentation for Overcoring Test on Slabs
Six concrete slabs 1000mm square, 100mm thick were prepared, 
instrumented and subjected to overcoring test in a large testing 
frame. The size of the slabs was so selected to minimise the edge 
effects and to obtain suitable weight. In order to obtain an 
approximately uniform distribution of stress, the slab was 
provided with 8mm nominal steel frame and strengthened with 
chicken wire mesh at the central region. The details of the slab 
are as shown in the Appendix. The slabs were cured for at least 
28 days before being tested. Corresponding 100mm standard cubes 
and prisms were prepared for each slab for material and strength 
testing.
Chemical metal was used to level the slab between two steel 
plates in the test frame. The gauging method described in Chapter 
3 was used to instrument the slab in which arrays of vibrating 
wire strain gauges and demec gauges in rosette fashion were
Page 154
Chapter 7 Description of Experimental Technique
employed on, across and around the core position on both sides 
to record surface strain patterns due to overcoring. The 
vibrating wire strain gauges used were of the type T/S/R/T 140mm 
gauge length (Gage Technique) which measured strains and 
temperature. The strain gauges were connected to both the strain 
meter (Type GT 1174) and the temperature meter (Type GT 1176) and 
by using a multiway switch selector box, the strains and 
temperature readings in all the vw gauges could be recorded 
during overcoring process. Demec gauges 200mm and 100mm gauge 
length were arranged in 45° rosette around and on the core 
position respectively. A series of 50mm demec points were also 
employed along the centre lines to determine the modulus and 
Poisson's ratio from initial compression test on the slab. All 
the gauges were coated with petroleum jelly to protect them from 
ingress of water or dirt during coring. The gauging arrangement 
on the slab specimen is as shown in Figure (7.8).
Figure 7.8 Gauging arrangement on slab in the testing rig
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nThe slab was loaded to 5 N/mm in a large testing frame and 
the loading was provided by four jacks with corresponding load 
cells. After the initial compression test, the slab was loaded 
to maximum pressure and while maintaining the load, the pilot 
hole was drilled. Strains were recorded before and after hole 
drilling. The instrumented inclusions were installed into the 
pilot hole and the test slab was left overnight for the glue to 
cure. Strains in the inclusion before and after curing of the 
adhesive were recorded to check any effects of glue setting. 
Incremental overcoring at 25mm intervals was carried out using 
150mm diameter core bit and the strains in all gauges were 
recorded at each increment. The loading arrangement for the 
overcoring test on calibration slab is as shown in Figure (7.9). 
Typical scenes of overcoring operation are shown in Plate (7h) 
and Plate (7i).
All the strain gauges on the slab and in the relief core 
were further monitored until the next day. The vw gauges around 
the core hole were monitored by multi channel data logger (Type 
GT 1179) to record any further strain relief due to time 
dependent factors. The slab was kept under load throughout the 
strain monitoring. Plate (7j ) shows the strain monitoring system 
on the relief core in one of the overcoring tests while Plate 
(7k) shows the arrangement for strain monitoring of vibrating 
wire gauges on the slab.
When no change in strain readings was observed indicating 
no further release, the core was then converted into octagon by 
the method described in Chapter 6 (Section 6.5.1). The octagon 
was then subjected to re-loading test.
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Figure 7.9 Loading arrangement for overcoring test on calibration slab
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Plate 7h
Plate 7i Scene of overcoring test on slab under loading
Gauging pattern on slab specimen for overcoring.
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Plate 7j Arrangement for strain monitoring on the relief core 
using the data logger and PC.
Plate 7k Arrangement for strain monitoring of vibrating-wire 
strain gauges around hole using compatible data-logger.
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7.5.A Design of Testing Rig and Other Details
The test rig used for loading the slab in overcoring tests 
was initially designed as a self-equilibrating frame with a 
biaxial loading arrangement. The details of the large testing 
frame which was erected on strong floor are shown in Appendix Cl. 
In order to reduce cost, only uniaxial loading arrangement was 
applied in the test programme.
The slab specimen details are shown in Appendix C2 in which 
a central 300mm square area was strengthened by chicken wire mesh 
to obtain better distribution. The whole slab was provided with 
8 mm nominal steel frame and the mesh was tied up to the 
reinforcement.
Other design details include the steel mould used for 
casting epoxy mortar or resin to form cylindrical inclusions. The 
details shown in Appendix C3 are for a 75mm long inclusion mould 
but other dimensions remain the same for longer lengths. Two 
parts of the mould were prepared to allow longer lengths to be 
produced by connecting them together. A central cylinder of 
slightly smaller diameter was prepared for provision of casting 
thin-walled hollow cylindrical inclusion as shown in the 
Appendix C3.
The details of mild steel cylinder used for biaxial 
inclusion are shown in Appendix C4. The steel cylinder was 
machine-turned to produce the required shape and size and its 
body was knurled to produce a rough surface. This was to improve 
the bonding between the inclusion and the concrete surface in the 
pilot hole. Connections by screws were provided to allow the 
individual inclusions to be connected to form a series across the 
concrete section.
The details of octagon mould used to convert relief cores 
obtained from overcoring are shown in Appendix C5. The mould was 
made of stainless steel so that it could be repeatedly used 
without much affecting the dimensions.
7.5.5 Data Acquisition and Gauge Output
The overcoring tests required that strain measurements being 
made during overcoring to obtain evolution curves for diagnostic 
purpose. This was accomplished by employing an automatic data
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logger equipment used with dedicated PC which monitored strains 
in all active strain channels, the applied pressure and the time 
intervals. The use of a data acquisition system based on a PC and 
a LOTUS 123 spreadsheet software provides a convenient means of 
recording data and transferring it to floppy diskettes for 
immediate analysis. The datalogger was also programmed to 
automatically record strain readings of the relief cores at fixed 
time intervals to check the influence of time-dependent effects 
and locked-in stresses. The measurement system was left overnight 
to record the strain readings. The data logger had provided more 
accurate data at more frequent intervals than manual measurements 
allowed, while reducing the chance of errors that occur during 
manual data transfer.
Incremental overcoring of the inclusions at 25mm intervals 
allowed the distribution of the strain output from the gauges to 
be plotted against the overcoring distances. This provided a 
means of assessing the extent and pattern of strain relief across 
the section. Any anomalies in the strain output due to debonded 
or faulty strain gauges or large temperature effects or yield of 
bonding layer could be detected from the plot. The evolution 
curve thus obtained could be diagnostic for a specific overcoring 
test and also provided a means of detecting a failure or 
inadequacy in bonding. Even for an erroneous measurements plot, 
some useful information could still be obtained from some part 
of the evolution curves. The various forms of diagnostic 
evolution curves have been studied previously (Garritty et al, 
1985). The 'ideal' evolution plot is as shown in Figure (7.13) 
which consists of there identifiable main phases :
i) a stable plateau prior to overcoring the gauged area;
ii) a rapid linear increase in strain to an apparent 
stable level associated with overcoring of the gauged 
area;
iii) a constant strain reading after the overcoring bit 
passes the gauged area.
A high axial strain readings resulting from longitudinal 
expansion is attributed to yielding of bonding layer. A linear 
decrease in strain readings beyond the gauged area is associated 
with effects of temperature rise without yielding of the glue.
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Figure 7 -13 Ideal overcoring evolution
The combined effects of temperature changes and yielding normally 
resulted in non-linear increase in strain within gauged area and 
a drop in the region beyond the gauged area giving rise to an 
anomalous evolution curve.
7.5.6 Temperature Effects on Gauges and Compensation
Strain gauge readings are affected by a change of 
temperature in the specimen or any part of the gauging system.
The extent of the change in strain reading depends on the 
properties of the gauge, test specimen and measuring equipment, 
and the change in temperature and temperature distribution. Most 
of the temperature changes occurring in overcoring test is due to 
the effects of the drilling water which gives rise to temperature 
effects on the gauges and the specimen. These can be attributed 
to the following : *
i) Some gauges are more wet than the others giving 
different gauge temperatures; l
ii) The concrete surface on the overcoring face is subject
to wetting effects and has different temperatures compared 
withinternal concrete. In addition, the distribution of 
drilling water on the faces is also not regular;
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iii) The concrete surface underneath the core bit suffers 
increase in temperature more than the outside face as 
a result of heated bit and drilling water.
This section describes the temperature problems with reference 
to the Demec, vibrating wire and electrical resistance strain 
gauges, all of which were used in the experimental work.
7.5.6.1 The Demec Strain Gauge
This is a demountable mechanical type strain gauge which is 
hand-held and transferred from one measuring point to another. 
Average strain over the gauge length is given by measurement of 
the change in distance between two discs fixed to the specimen, 
using a dial gauge and lever system. The gauge body is made of 
invar, of very low coefficient of expansion, and the effect of 
temperature changes on the gauge itself is small enough to be 
neglected in most cases. If the temperature of the test specimen 
is known, the true strain may be calculated from :
True strain = Measured strain - a .AT
where True strain is that caused by the applied load or
displacement,
a = the coefficient of thermal expansion of the 
specimen material,
AT = change in temperature.
The demec gauge is usually used in conjunction with an Invar 
dummy bar with a reference disc at each end. By taking a reading 
on this bar from time to time during strain measurements, a 
stable datum can be obtained. If the dummy bar is kept at 
constant temperature, a small correction can be applied if the 
gauge bar temperature changes . To avoid measuring the temperature 
of the test specimen and making a correction to the readings, a 
dummy bar of specimen material may be used. If the temperatures 
of the dummy and the test specimen are the same, the gauge will 
read true strain and no knowledge of the actual temperature is 
necessary. In the overcoring test however, the drilling water 
gives rise to temperature difference in the gauges and the 
specimen. A significant temperature difference between the
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various test points may results in an unacceptable length of time 
for the specimen and dummy bar temperatures to equalise for each 
reading. It is possible to eliminate that part of the apparent 
strain due to the effect of temperature changes on the invar 
dummy bar but this must be done by calculation from measured 
temperatures and the results of previous calibrations. However, 
the operating temperature range involved in the overcoring test 
is small such that the limit of accuracy of the gauge does not 
justify this refinement. In general, little correction for 
temperature is required for the Demec gauges.
7.5.6.2 Vibrating Wire Strain Gauge
The vibrating wire gauge essentially consists of a length 
of silver plated piano wire tensioned between two anchorage 
points which are fixed to the test specimen. A change in the 
distance between the points causes a corresponding strain change 
in the wire and a change in the frequency of vibration. An 
electromagnet at the centre both plucks the wire and transmits 
the frequency to a recording device. This usually indicates 
either the frequency of vibration or the time required to 
complete a given number of cycles.
If the wire material has zero coefficient of thermal 
expansion, the response of the gauge to temperature changes would 
be similar to that of the Demec gauge. Provided the temperatures 
of the wire and test specimen are the same, the measured thermal 
effect will be proportional to the difference between the 
coefficients of expansion of the wire and the specimen. The value 
of the coefficient of expansion for the wire is taken as 
11. 0 ( ±0 . 5 )xlO'^ per °C which roughly corresponds with that of most 
concretes. Therefore, when the gauge is fixed on dry concrete 
surface, the gauge will become temperature compensated. If 
however, the coefficient of thermal expansion of the concrete is 
significantly different to that of the gauge wire, the 
temperatures must be measured and a correction applied as,
True strain = measured strain - AT ( -  a ■ )v concrete wire'
where, “concrete t*ie coefficient of thermal expansion of the 
concrete medium and a- is that of the gauge wire.
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When the specimen is subject to high rates of temperature 
change, the temperature of the wire may lag behind that of the 
specimen causing small error, but in most cases this is not very 
serious. It may be possible however, to take temperature 
measurements and apply a correction based on previously
determined lag characteristics of the gauge installation. The 
vibrating wire gauge used in the experiment is of the type which 
measures both strain and temperature thus allowing the effects 
of temperature to be accounted for.
7. 5.6.3 Electrical Resistance Strain Gauge
The effect of temperature on the electrical resistance 
strain gauge is more complicated than it is on the Demec or 
vibrating wire gauges. If an e.r.s gauge is bonded to a specimen 
of zero coefficient of thermal expansion and the temperature is
changed, there will be a non-linear change in the gauge
resistance. This change is caused by factors including the
temperature coefficient of resistance of the foil, and the partly 
restrained thermal expansions of the foil and the adhesive layer 
between the gauge and the specimen. On a normal material with a 
non-zero coefficient, the free expansion component of the 
apparent strain (Barrowman, 1973) will cause a further resistance 
change.
In the overcoring tests, temperature compensated gauges were 
used with \-bridge connection in the data logger. The dummy gauge 
was attached separately to a concrete cube of similar properties 
to those of the specimen and connected to the data logger input. 
With this arrangement, a balance may be achieved provided the 
temperature change is not too high. Beyond the specified limits, 
errors in the measurement of true strain will occur. Changes in 
the temperature of a strain gauge installation can also alter the 
resistance of connecting wires and electrical joints. In general, 
temperature induced strains are caused by two concurrent and 
algebraically additive effects in the strain gauge installation:
i) The electrical resistance of the gauge conductor is 
temperature dependent and any resistance change with 
temperature due to this effect appears as a strain to 
the strain indicator.
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ii) Differential thermal expansion between the gauge 
conductor and the test part results in mechanical 
straining of the gauge as it conforms to the apparent 
expansion or contraction of the test part.
The resultant resistance change is recorded as a real 
strain by the strain indicator.
The inclusion and the leadwires used in the stress 
measurement are often subject to an increase in temperature due 
to heat generated at the core bit during overcoring. The gauges 
and the leadwires will normally respond to these effects. However, 
both the inclusion and the concrete will also tend to expand 
because of the temperature increase, and since they have 
different coefficients of thermal expansion, a strain will be 
recorded due to differential thermal expansion of the inclusion 
and the host concrete. The gauges in an inclusion tend to show 
a compression with increasing temperature because the epoxy 
inclusion has a higher coeficient of thermal expansion (typically 
between 30 x 10"^  to 90 x 10"'’ per °C) than that of the concrete.
The inclusions used in the overcoring test programme were 
not equipped with thermistors or thermocouples for temperature 
monitoring during overcoring. However, the temperature of the 
drilling water was monitored by collecting it at each overcoring 
interval and measuring the temperature with a temperature meter 
type RS Fluke 52. The temperature of the water before and after 
overcoring was also compared. This could give a rough indication 
of the temperature change suffered by the inclusion. If the 
strain-temperature relationship of the inclusion can be 
continously monitored during overcoring, temperature correction 
can be done using the method suggested by Thompson et al (1986).
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7.6 Summary
Design, instrumentation and method of construction of three 
types of inclusions for stress measurement by overcoring has been 
described. Instrumented inclusions of biaxial and triaxial 
configurations for bi-dimensional and tri-dimensional measurement 
have been proposed where electrical resistance strain gauges are 
used as the strain measuring element. Biaxial inclusion works on 
rigid inclusion principle employing mild steel material while the 
triaxial type uses soft epoxy material. The former type measures 
changes in secondary principal stresses while the latter is 
capable of measuring a full stress tensor in one single 
operation.
Experimental procedures for testing the behaviour and 
performance of the instrumented inclusions as well as for 
assessing the applicability of the analysis have been described. 
The proposed tests on concrete specimens include loading- 
unloading tests, overcoring and re-loading tests. Concrete 
specimens used for overcoring tests include 300mm cubes and 1000 
x 1000 x 100mm slabs. The laboratory setup for each test is also 
described. The results of these tests are presented and discussed 
later in Chapter 8 . Surface gauging method employing Demec gauges 
and vibrating-wire gauges is also used in the slabs for checking 
stress release from surface measurements. This will also provide 
a means of comparison with inclusion method.
No provision is provided for measuring temperature with the 
inclusion but the gauges and the bridge connection used has some 
form of compensation. Whilst surface temperature can be measured 
by the vw gauges it is thought that the inclusion is not subject 
to more severe temperature changes during overcoring. However, 
by measuring the temperature of drilling water can give 
indication of the temperature changes under the core bit. 
Problems associated with temperature changes on strain readings 
have also been addressed.
The entire scheme of the experimental technique can be 
diagrammatically illustrated in Figure 7.14.
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Figure 7.14 General scheme of the experimental technique
(a) Fabrication of instrum ented (b) Instrum entation of specimen and
inclusions. drilling of pilot hole under loading.
(c) Installation of inclusion in pilot hole 
and overcoring. Stress tensor obtained.
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Tyx O y T yz
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(d) Stress-relieved core recovered and 
converted into octagon or prism.
(e) Re-loading tests to re-establish the 
original strain  readings in the gauges.
(f) Stress tensors calculated 
and compared.
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This chapter presents the results of the experimental work, 
the procedures and objectives of which have been described in 
Chapter 7 . The results of these calibration experiments are later 
discussed. The experimental results are divided into five main 
sections, namely :
i) Testings for material properties of the specimens;
ii) Loading and unloading tests on instrumented blocks;
iii) Overcoring tests on block specimens;
iv) Reloading tests of re-installed concrete cores;
v) Overcoring tests on square slab specimens.
The results of the material testing for elastic properties 
are presented for the block specimens and the concrete slabs. The 
properties and description of the 300mm concrete cube or block 
specimens are summarised in Table 8.1 below.
RESULTS OF CALIBRATION EXPERIMENTS
8.1 Introduction
No. Ref. No. Description
1 311091-A Pre-made pilot hole. Installed with three 
triaxial epoxy inclusions.
2 18392-A Pre-made pilot hole. Instrumented with mild 
steel biaxial inclusions.
3 31392 D-Ml Pre-made pilot hole. Installed with epoxy 
triaxial inclusions.
4 31392 E-M2 Pre-made pilot hole. Installed with three 
mild-steel biaxial inclusions. Middle 
inclusion instrumented circumferrentially.
5 2492 I-M2 Pre-made pilot hole. Three epoxy triaxial 
inclusions.
6 2492 G-Ml Pre-made pilot hole. Single epoxy triaxial 
inclusion at central portion.
7 311091-B Pre-made pilot hole. Four mild steel biaxial 
inclusions.
8 13492 K-M2 Pre-made pilot hole. Two epoxy triaxial 
inclusions (circumfferential type and 
encapsulated unit).
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9 13492 L-M2 Plain block. Pilot hole drilled under
loading. Installed with small concrete core 
triaxial inclusion.
1 0 31392 F-M3 - ditto
1 1 18392-B - ditto
1 2 311091-C - ditto
13 231091-A - ditto
14 18392-C - ditto
13 2492 H-M2 - ditto
16 13492 J-M2 - ditto
Block No. Estimated E-modulus 
{kN/mm )
Compressive strength 
(N/mm )
Block test Prism test feu (cube) Prism
1 32.7 N/A 42.5 36.1
2 33.9 33.7 N/A 44.2
3 46.7 35.6 54.2 43.3
4 33.9 30.6 N/A 38.9
5 N/A 27.1 43.4 35.3
6 N/A 34.7 58.3 42.5
7 28.5 N/A 44.4 38.5
8 N/A 34.7 54.0 35.5
9 32.0 N/A 52.2 38.5
1 0 34.6 N/A 57.6 43.3
1 1 32.0 N/A 56.8 39.8
1 2 33.7 30.2 45.3 35.9
13 31.8 N/A 43.8 33.4
14 32.6 N/A 60.3 44.2
15 37.0 35.8 47.0 37.3
16 33.2 32.6 53.5 39.5
Table 8.1 Description and properties of concrete blocks
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8.2 Loading-Unloading Tests on Concrete Blocks
The results of loading-unloading tests on blocks specimens 
to investigate the response of instrumented inclusions to applied 
loads are described for biaxial and triaxial types of instruments 
for stress measurement. All stresses are given in N/mm and 
strains in microstrains with negative values representing 
compression. Typical calculations for one example in each case 
is also shown in the Appendix D.
8.2.1 Biaxial measurement
Biaxial instruments of mild steel inclusions were used in 
Block specimens No. 7, 2 and 4. The strain gauge rosettes were 
attached on the diametric sections of the cylinder and their 
locations are as shown in Figure 8.1.
Az.
BLOCK No. 2 
Epoxy bonding layer
I
1 I T
I f
BLOCK No. 7 
Chemical metal bonding
AL
f
BLOCK No. 4 
Epoxy bonding layer
Location of strain gauge rosettes on biaxial mild steel Inclusion Inside concrete block specimens 
Figure 8.1 Locations of strain rosettes in concrete blocks
The measured strains obtained from each rosettes attached onto 
the inclusion in the blocks are subject to linear regression 
based on least squares method. This is performed by using a 
spreadsheet program EXCEL 4 for Windows (QUE Corporation, 1992) 
on a PC. The best fit values of the strain values are obtained
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from which the magnitude and direction of secondary principal 
strains and stresses are calculated for each rosette readings. 
Negative strains and stresses represent compressive regime in 
this case. The stress concentration factors A and B for the 
biaxial instrument are calculated based on the material and 
geometric properties of the mild steel cylindrical inclusion. The 
principal stresses are then obtained from the measured secondary 
stresses and the stress concentration factors. This is done using 
a mathematical software Mathcad 3.0 (Mathsoft, 1991) on the PC.
The steps involved in the calculations are summarised below :
i) Obtain the measured strains from the data acquisition 
system during testing in floppy diskettes. The files 
must be saved in .DAT or . PRN extensions to be 
compatible with PC-based softwares.
ii) Transfer the data files into the spreadsheet program 
(e.g. Excel 4) and edit the data into appropriate rows 
and columns.
iii) Apply linear regression for each rosette readings by 
inputing the measured strains as the dependent data 
range and the applied (measured) stresses or loads as 
the independent data range. The regression should be 
based on zero constant i.e. the regression line is 
forced to pass through the origin. Also calculate the 
residuals and obtain the best fit values of the
predicted strains.
iv) Calculate using the spreadsheet, the magnitude and
direction of the secondary principal strains and
stresses. The analysis based on the regression values 
should give one single value of the estimated angle.
v) Calculate the stress concentration factors for the
biaxial instrument (see Section 5.2.1) using the 
mathematical software. The calculation involves the 
use of matrix algebra.
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vi) The estimated principal stesses can then be calculated 
from the equation [a] = K*[as] where K is the matrix of 
stress concentration factors and [a_] is the vector of 
measured secondary stresses.
vii) The overall results are then used to obtain the 
calibration curve.
A typical calculation for obtaining the principal stresses from 
Rosette 2 of biaxial mild steel inclusion in Block specimen No. 
7 is as shown in Appendix D.
T a b le  8 . 2 a  shows the measured strains for three rosettes in Block 
No. 2 under uniaxial loading. The best fit strain values of the 
rosette readings are shown in T a b le  8 . 2 b .  T a b le  8 . 2 c ,  8 . 2 d  and
8 . 2 e present the magnitude and direction of calculated secondary 
principal strains and stresses for Rosette 1, 2 and 3
respectively. The estimated angle measured with respect to the 
vertical gauge seems to be between -2.2 and 4.1 degrees. The 
calculated principal stresses are shown in matrix form. Some 
minor horizontal stresses were observed especially at high loads 
which were due to some errors in measurement.
The measured strains for Block 7 are shown in T a b le  8 . 3 a  and 
the corresponding best fit values are shown in T a b le  8 . 3 b .  The 
calculated secondary principal strains and stresses are shown in 
T a b le  8 . 3 c ,  8 . 3 d  and 8 . 3e for the three rosettes. The angle lies 
between - 6 . 6  and -0.7 degrees from the vertical. However, the 
estimates for the principal stresses are much better in this case 
and the horizontal stresses are almost negligible. As in above 
case the central inclusion gives smaller stresses relative to the 
ones closer to the edges. Furthermore, it is observed that the 
stresses obtained from the central inclusions are also closer to 
the applied values. This may be attributed to the edge effects 
on the gauges near the edges of the specimen. Better estimates 
were obtained in Block No. 2 due to better bonding 
characteristics using chemical metal in comparison with the use 
of soft epoxy bonding in Block No. 7.
The results for Block 4 are shown in T a b le  8 . 4 a  to T a b le  
8 . 4 d .  The estimated angle is between -7.1 to 2.6 degrees but the 
overall estimates in this case are found to be much larger then
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the applied values. Errors in the horizontal components are also 
relatively large. This indicates that the deviations observed 
between calculated and applied stresses are not only due to 
errors in the measuring system but also due to the difficulties 
of developing a predictable homogenous stress field in the 
stacked concrete blocks under compression.
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Load Stress ROSETTE NO. 1 ROSETTE NO. 2 ROSETTE NO. 3
(kN) (N/mm ) eY e45 eX eY e45 eX eY e45 eX
450 5.00 -30.7 -8.4 20.1 -39.3 -6 21.7 -34.2 -4.6 20.3
400 4.44 -27.7 -8.2 16.8 -34.6 -5.6 17.7 -33.1 -4.4 17.5
350 3.89 -25 -6.9 14.7 -32.2 -4.9 17.2 -28 -4 15.4
300 3.33 -21.6 -6.6 13.4 -26.8 -4.8 15.5 -24.6 -3.2 13.7
250 2.78 -16.4 -5.6 10.8 -23.1 -3.9 11.5 -21.2 -2.6 11.4
200 2.22 -14.5 -4.8 9.5 -18.4 -2.7 10.7 -16.4 -2.2 10.4
150 1.67 -11.3 -4.4 7.7 -14.9 -2.6 9.5 -11.5 -2 8.7
100 1.11 -8.6 -3 5.6 -7.8 -1.7 7.11 -7.7 -1.9 ' 6.5
80 0.89 -6.2 -2.6 5.1 -6.3 -1.3 6.1 -6 -1.7 5.3
60 0.67 -4.3 -2.2 4.8 -3.7 -0.4 5.6 -3.6 -1.2 4.3
40 0.44 -3.5 -1.6 3.1 -2 -0.6 4.6 -2 0 3.8
20 0.22 -2.3 -0.8 2.3 -1.8 -0.7 3.1 -0.8 0.2 2.8
0 0.00 -1.4 0 1.2 -1.2 0 2.1 -0.2 0.4 1.7
Table 8.2a Measured strains during unloading test on Block No. 2
Load Stress ROSETTE NO. 1 ROSETTE NO. 2 ROSETTE NO. 3
(kN) (N/mm ) eY e45 eX eY e45 eX eY e45 eX
450 5.00 -31.5 -9.5 20.0 -40.0 -6.4 22.3 -35.9 -5.0 20.8
400 4.44 -28.0 -8.4 17.8 -35.5 -5.7 19.8 -32.0 -4.4 18.5
350 3.89 -24.5 -7.4 15.6 -31.1 -5.0 17.3 -28.0 -3.9 16.2
300 3.33 -21.0 -6.3 13.3 -26.7 -4.3 14.8 -24.0 -3.3 13.9
250 2.78 -17.5 -5.3 11.1 -22.2 -3.6 12.4 -20.0 -2.8 11.6
200 2.22 -14.0 -4.2 8.9 -17.8 -2.9 9.9 -16.0 -2.2 9.3
150 1.67 -10.5 -3.2 6.7 -13.3 -2.1 7.4 -12.0 -1.7 6.9
100 1.11 -7.0 -2.1 4.4 -8.9 -1.4 4.9 -8.0 -1.1 4.6
80 0.89 -5.6 -1.7 3.6 -7.1 -1.1 4.0 -6.4 -0.9 3.7
60 0.67 -4.2 -1.3 2.7 -5.3 -0.9 3.0 -4.8 -0.7 2.8
40 0.44 -2.8 -0.8 1.8 -3.6 -0.6 2.0 -3.2 -0.4 1.9
20 0.22 -1.4 -0.4 0.9 -1.8 -0.3 1.0 -1.6 -0.2 0.9
0 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 8.2b Best fit strain values after linear regressions (Block No. 2)
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O
(All strains in microstrains, stresses in N/mm , angles in degrees)
ROSETTE 1
eX+eY eX-eY 2(e45) e 1 e2 Sigma 1 Sigma 2 Angle
-11.5 51.6 -18.9 20.3 -31.8 2.36 -5.66 4.1
-10.3 45.8 -16.8 18.0 -28.3 2.10 -5.03 4.1
-9.0 40.1 -14.7 15.8 -24.7 1.83 -4.40 4.1
-7.7 34.4 -12.6 13.5 -21.2 1.57 -3.77 4.1
-6.4 28.6 -10.5 11.3 -17.7 1.31 -3.14 4.1
-5.1 22.9 -8.4 9.0 -14.1 1.05 -2.51 4.1
-3.8 17.2 -6.3 6.8 -10.6 0.79 -1.89 4.1
-2.6 11.5 -4.2 4.5 -7.1 0.52 -1.26 4.1
-2.1 9.2 -3.4 3.6 -5.7 0.42 -1.01 4.1
-1.5 6.9 -2.5 2.7 -4.2 0.31 -0.75 4.1
-1.0 4.6 -1.7 1.8 -2.8 0.21 -0.50 4.1
-0.5 2.3 -0.8 0.9 -1.4 0.10 -0.25 4.1
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.0
Table 8.2c Magnitude and direction of secondary principal stresses (Rosette 1)
ROSETTE 2
eX+eY eX-eY 2(e45) e 1 e2 Sigma 1 Sigma 2 Angle
-17.7 62.3 -12.9 22.4 -40.1 2.27 -7.33 -2.2
-15.7 55.3 -11.5 19.9 -35.6 2.02 -6.52 -2.2
-13.8 48.4 -10.0 17.4 -31.2 1.77 -5.70 -2.2
-11.8 41.5 -8.6 14.9 -26.7 1.52 -4.89 -2.2
-9.8 34.6 -7.2 12.4 -22.3 1.26 -4.07 -2.2
-7.9 27.7 -5.7 9.9 -17.8 1.01 -3.26 -2.2
-5.9 20.8 -4.3 7.5 -13.4 0.76 -2.44 -2.2
-3.9 13.8 -2.9 5.0 -8.9 0.51 -1.63 -2.2
-3.1 11.1 -2.3 4.0 -7.1 0.40 -1.30 -2.2
-2.4 8.3 -1.7 3.0 -5.3 0.30 -0.98 -2.2
-1.6 5.5 -1.1 2.0 -3.6 0.20 -0.65 -2.2
-0.8 2.8 -0.6 1.0 -1.8 0.10 -0.33 -2.2
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.0
Table 8.2d Magnitude and direction of secondary principal stresses (Rosette 2)
ROSETTE 3
eX+eY eX-eY 2(e45) e l e2 Sigma 1 Sigma 2 Angle
-15.1 56.8 -9.9 20.9 -36.1 2.22 -6.55 -2.6
-13.4 50.5 -8.8 18.6 -32.1 1.98 -5.82 -2.6
-11.8 44.2 -7.7 16.3 -28.1 1.73 -5.09 -2.6
-10.1 37.8 -6.6 14.0 -24.0 1.48 -4.36 -2.6
-8.4 31.5 -5.5 11.6 -20.0 1.24 -3.64 -2.6
-6.7 25.2 -4.4 9.3 -16.0 0.99 -2.91 -2.6
-5.0 18.9 -3.3 7.0 -12.0 0.74 -2.18 -2.6
-3.4 12.6 -2.2 4.7 -8.0 0.49 -1.45 -2.6
-2.7 10.1 -1.8 3.7 -6.4 0.40 -1.16 -2.6
-2.0 7.6 -1.3 2.8 -4.8 0.30 -0.87 -2.6
-1.3 5.0 -0.9 1.9 -3.2 0.20 -0.58 -2.6
-0.7 2.5 -0.4 0.9 -1.6 0.10 -0.29 -2.6
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.0
Table 8.2e Magnitude and direction of secondary principal stresses (Rosette 3)
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CALCULATED PRINCIPAL STRESSES FOR BIAXIAL INCLUSION (ROSETTE 1. BLOCK 2)
' 2.359 ' ' 1.224 'S450 := K* -5.655 S450 = -3.749
' 2.097 ' 1.088 •S400 := K* -5.027 S400 = -3.332
S350 := K- 1.835 ' -4.398 S350 =
0.952 • 
—2.9 i 5
S300 := V 1.573 ' -3.770 S300 =
0.816 ■ 
-2.499
S250 := K- 1.311 ' -3T42 S250 =
0.68 ■ 
-2.083
S200 := K- 1.048-2.513 S200 =
0.544 ‘ 
-1.666
S150 := K* 0.786 ' -1.885 S150 =
0.408 ' 
-1.25
S100 := K- 0.524 ' -1,257 S100 =
0.272 ■ 
-0.833
S80 := K*' 0.419 -1.005 S80 =
0.217 ' 
-0.666
S60 := K*' 0.315 -0.754 S60 =
0.163 ' 
-0.5
S40 := K* 0.210-0.503 S40 =
' 0.109 ' 
-0.333
S20 := K*' 0.105 -0.251 S20 =
■ 0.055 
-0.166
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CALCULATED PRINCIPAL STRESSES FOR BIAXIAL INCLUSION (ROSETTE 2, BLOCK 2)
S450 := I* 2.273-7.332 S450 =
■ 1.042 ' 
—4.917
S400 := K *' 2.021 -6.518 S400 =
‘ 0.927 ’ 
-4.371
S350 := K*' 1.768 -5.703 S350 =
• 0.811 ‘ 
-3.825
S300 := K-' 1.516 ' -4.889 S300 =
■ 0.695 ' 
-3.279
S250 := K*' 1.263 ' -4.074 S250 =
■ 0.579 ' 
-2.732
S200 := K-' 1.010 -3.259 S200 =
• 0.463 ■ 
-2.186
S150 := K*’ 0.758 ' -2.444 S150 -
' 0.348 ■ 
-1.639
S100 := K-' 0.505 ' -1.630 S100 =
0.231 ' 
-1.093
' 0.404 ' 0.185S80 := K* S80 = -0.875-1.304
' 0.303 ' 0.139 'S60 := K* -0.978 S60 = -0.656
S40 K-
J=> 
f»
S 
s S40 = 0.093 ■ -0.437
S20 := K* 0.101 ' -0.326 S20 =
0.046 ■ 
-0.219
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CALCULATED PRINCIPAL STRESSES FOR BIAXIAL INCLUSION (ROSETTE 3, BLOCK 2)
S450 := K-' 2.225 -6.546 S450 =
■ 1.066 ‘ 
-4.376
S400 := K*' 1.977 -5.819 S400 =
' 0.947 ' 
-3.89
S350 := K-' 1.730 -5.091 S350 *
' 0.829 • 
-3.403
S300 K*' 1.483 ' -4.364 S300 =
0.71 ' 
-2.91,7
S250 := K* 1.236 ' -3.637 S250 =
0.592 ' 
-2.431
S200 := K- 0.989-2.909 S200 =
0.474 ■ 
-1.945
S150 := K* 0.742 ' -2.182 S150 =
0.356 • 
—1.4 59
S100 := K- 0.494 ' -1.455 S100 =
0,237 ‘ 
-0.973
S80 := K*' 0.395 -1.164 S80 =
• 0.189 ' 
-0.778
S60 := K* 0.297-0.873 S60 =
■ 0.142 
-0.584
S40 := K- 0.198-0.582 S40 =
■ 0.095 
-0.389
S20 := K* 0.099-0.291 S20 =
■ 0.047 ' 
-0.195
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Load Stress ROSETTE NO. 1 ROSETTE NO. 2 ROSETTE NO. 3
(kN) (N/mm2- ) e Y e 4 5 e X e Y © 4 5 e X e Y e 4 5 e X
450 5.00 -49.4 -6.2 19.8 -36.4 -7.8 18 -42.9 -6.7 17.6
400 4.44 -45.5 -6.3 17.1 -32.8 -7 16.5 -38.4 -5.6 15.6
350 3.89 -39.9 -5.3 16.2 -29.2 -6.6 14.8 -33.7 -5.8 13.4
300 3.33 -34.9 -4.8 14.1 -24.7 -5.6 12.7 -29.3 -4.6 12.4
250 2.78 -30.6 -4.7 11.7 -21.6 -5.4 10.9 -24.7 -4.5 10.4
200 2.22 -24.6 -3.4 10.6 -16.9 -3.7 10.2 -19.8 -2.4 9.6
150 1.67 -19.2 -2.4 8.2 -12.6 -2.6 7.7 -16.3 -2.2 7.8
100 1.11 -13.3 -2.1 5 -8.4 -1.8 5.5 -11.2 -1.8 5.1
80 0.89 -11.3 -1.4 4.5 -7 -1.7 5.1 -8.3 -1.4 4.6
60 0.67 -9.1 -2.3 3.9 -5.9 -1.2 3.7 -8.5 -2 3.2
40 0.44 -7.2 -1.9 1.7 -4.2 -1.8 2.1 -5.1 -0.9 2.7
20 0.22 -4.1 -1.5 0.9 -1.5 -0.8 1.3 -2.6 -1.1 1.4
0 0.00 -1.8 -1.5 -0.3 0.8 -0.4 -0.1 -0.7 0.3 0.9
Table 8.3a Measured strains from unloading test on Block No. 7 
(Strains in microstrains)
Load Stress ROSETTE NO 1 ROSETTE NO 2 ROSETTE NO 3
(kN) (N/mm1) e Y e 4 5 e X e Y e 4 5 e X e Y e 4 5 e X
450 5.00 -52.0 -7.1 20.6 -37.2 -8.3 19.3 -43.9 -6.9 18.4
400 4.44 -46.2 -6.3 18.3 -33.1 -7.3 17.1 -39.0 -6.1 16.3
350 3.89 -40.5 -5.5 16.0 -29.0 -6.4 15.0 -34.1 -5.4 14.3
300 3.33 -34.7 -4.7 13.8 -24.8 -5.5 12.8 -29.2 -4.6 12.2
250 2.78 -28.9 -3.9 11.5 -20.7 -4.6 10.7 -24.4 -3.8 10.2
200 2.22 -23.1 -3.2 9.2 -16.6 -3.7 8.6 -19.5 -3.1 8.2
150 1.67 -17.3 -2.4 6.9 -12.4 -2.8 6.4 -14.6 -2.3 6.1
100 1.11 -11.6 -1.6 4.6 -8.3 -1.8 4.3 -9.7 -1.5 4.1
80 0.89 -9.2 -1.3 3.7 -6.6 -1.5 3.4 -7.8 -1.2 3.3
60 0.67 -6.9 -0.9 2.8 -5.0 -1.1 2.6 -5.8 -0.9 2.4
40 0.44 -4.6 -0.6 1.8 -3.3 -0.7 1.7 -3.9 -0.6 1.6
20 0.22 -2.3 -0.3 0.9 -1.7 -0.4 0.9 -1.9 -0.3 0.8
0 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 8.3b Best fit strain values (Block No. 7) 
(Strains in microstrains)
----- -■— eY(1)
-----□— e45(1)
--- ♦— eX(1)
------0— eY(2)
------A— -  e45(2)
----- A— eX(2)
----- • — eY(3)
----- O— e45(3)
----- X— -  eX(3)
-60.0
Applied Stresses (N/mm4)
u>c
a
s0
1
Figure 8.3 Best Fit Strain Values (Unloading Test BLOCK No. 7)
30.0 T
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(Strains in microstrains, stresses in N/mmz . angles in degrees)
e X + e Y e X - e Y 2 ( e 4 5 ) e l e 2 S i g m a  1 S i g m a  2 A n g l e
-31 .4 72.7 -14.2 2 1 . 6 -53.0 1.26 -10.23 -6.7
-27.9 64.6 -1 2 . 6 19.2 -47.1 1 . 1 2 -9.09 -6.7
-24.4 56.5 -1 1 . 0 16.8 -41.2 0.98 -7.95 -6.7
-20.9 48.4 -9.5 14.4 -35.3 0.84 -6.82 -6.7
-17.4 40.4 -7.9 1 2 . 0 -29.5 0.70 -5.68 -6.7
-14.0 32.3 -6.3 9.6 -23.6 0.56 -4.55 -6.7
-10.5 24.2 -4.7 7.2 -17.7 0.42 -3.41 -6.7
-7.0 16.1 -3.2 4.8 -1 1 . 8 0.28 -2.27 -6.7
-5.6 12.9 -2.5 3.8 -9.4 0 . 2 2 -1.82 -6.7
-4.2 9.7 -1.9 2.9 -7.1 0.17 -1.36 -6.7
-2 . 8 6.5 -1.3 1.9 -4.7 0 . 1 1 -0.91 -6.7
-1.4 3.2 -0 .6 1 . 0 -2.4 0.06 -0.45 -6.7
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 0 .0 0 0 .0
T a b l e  8 . 3 c  S e c o n d a r y  p r i n c i p a l  s t r a i n s  a n d  s t r e s s e s  ( R o s e t t e  1. B l o c k  7)
e X + e Y , e X - e Y 2 ( e 4 5 ) e l e 2 S i g m a  1 S i g m a  2 A n g l e
-18.0 56.5 -16.5 19.3 -37.3 1.78 -6.92 -0.7
-16.0 50.2 -14.7 17.1 -33.1 1.58 -6.15 -0.7
-14.0 43.9 -12.9 15.0 -29.0 1.38 -5.38 -0.7
-1 2 . 0 37.7 -1 1 . 0 1 2 . 8 -24.8 1.19 -4.61 -0.7
-1 0 . 0 31.4 -9.2 10.7 -20.7 0.99 -3.84 -0.7
-8 .0 25.1 -7.3 8 .6 -16.6 0.79 -3.07 -0.7
-6 .0 18.8 -5.5 6.4, -12.4 0.59 -2.31 -0.7
-4.0 1 2 . 6 -3.7 4.3 -8.3 0.40 -1.54 -0.7
-3.2 1 0 . 0 -2.9 3.4 -6 .6 0.32 -1.23 -0.7
-2.4 ' 7.5 -2 . 2 2 . 6 -5.0 0.24 -0.92 -0.7
-1 . 6 5.0 -1.5 1.7 -3.3 0.16 -0.61 -0.7
-0 .8 2.5 -0.7 0.9 -1.7 0.08 -0.31 -0.7
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 0 .0 0 0 .0
T a b l e  8 . 3 d  S e c o n d a r y  p r i n c i p a l  s t r a i n s  a n d  s t r e s s e s  ( R o s e t t e  2. B l o c k  7)
e X + e Y e X - e Y 2 ( e 4 5 ) e l e 2 S i g m a  1 S i g m a  2 A n g l e
-25.5 62.2 -13.8 18.9 -44.4 1.23 -8.51 -5.3
-22.7 55.3 -12.3 16.8 -39.5 1.09 -7.57 -5.3
-19.8 48.4 -10.7 14.7 -34.5 0.96 -6.62 -5.3
-17.0 41.5 -9.2 1 2 . 6 -29.6 0.82 -5.68 -5.3
-14.2 34.6 -7.7 10.5 -24.7 0 .6 8 -4.73 -5.3
-11.3 27.7 -6 .1 8.4 -19.7 0.55 -3.78 -5.3
-8.5 20.7 -4.6 6.3 -14.8 0.41 -2.84 -5.3
-5.7 13.8 -3.1 4.2 -9.9 0.27 -1.89 -5.3
-4.5 1 1 . 1 -2.5 3.4 -7.9 0 . 2 2 -1.51 -5.3
-3.4 8.3 -1 . 8 2.5 -5.9 0.16 -1.14 -5.3
-2.3 5.5 -1 . 2 1.7 -3.9 0 . 1 1 -0.76 -5.3
-1 . 1 2 . 8 -0 .6 0 .8 -2 . 0 0.05 -0.38 -5.3
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 0 .0 0 0 .0
T a b l e  8 . 3 e  S e c o n d a r y  p r i n c i p a l  s t r a i n s  a n d  s t r e s s e s  ( R o s e t t e  3. B l o c k 7 )
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CALCULATED PRINCIPAL STRESSES FOR BIAXIAL INCLUSION (ROSETTE 1. BLOCK 7)
8450 := X*' 1.259 -10.227 S450 =
0.128 ' 
-6.998
S400 := X-' 1.119 ’ -9.091 S400 =
0.114 • 
-6.221
S350 := K-' 0.979 ' 
-7.954
S350 = o.i ■ -5.443
S300 := X-' 0.839 -6.818 S300 =
0.085 ' 
-4.666
S250 := K- 0.699 ' -5.682 S250 =
0.071 ‘ 
-3.888
S200 := X* 0.560 ’ 
l-4.545 S200 -
0.057 • 
-3.il
S150 := X- 0.420 ' -3.409 S150 =
0.043 • 
-2.333
S100 := X* 0.280-2.273 S100 =
0.029 ■ 
-1.555
S80 := X*' 0.224 -1.818 S80 =
0.023 • 
—1.2 4 4
S60 := X*’ 0.168 -1.364 S60 =
■ 0.017 
-0.933
0.112 ' 0.011 ■S40 := X* -0.909 S40 = -0.622
' 0.056 ' ■ 0.006 ■S20 := X- -0.454 820 = -D.3H
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CALCULATED PRINCIPAL STRESSES FOR BIAXIAL INCLUSION (ROSETTE 2. BLOCK 7)
S450 := K* 1.779 ' -6.9n S450 =
0.73 ’ 
-4.666
S400 := K- 1.581 ' -6.H8 S400 =
0.648
-4.147
S350 := K* 1.383 ' -5.380 S350 =
0.567 ' 
-3.629
S300 := K- 1.186 ' -4.6U S300 =
0.487 '
-3.n
S250 := K-'0.9888'-3.843 S250 --
0 . 406 ' 
-2.592
S200 := K- 0.791 ' -3.074 S200 =
0.325 ' 
-2.073
JxSIImCO 0.593
-2.306 S150 =
0.243 ' 
—i.555
S100 := K* 0.395 ' -i.537 S100 =
0.162 ' 
-1.037
S80 := K* 0.316-1.230 S80 *
' 0.13' 
-0.83
S60 := K*' 0.237 -0.922 S60 =
' 0.097 ' 
-0.622
S40 := K*' 0.158 -0.615 S40 =
' 0.065 ' 
-0.415
S20 := K* 0.079-0.307 S20 =
' 0.032 ' 
-0.207
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CALCULATED PRINCIPAL STRESSES FOR BIAXIAL INCLUSION (ROSETTE 3, BLOCK 7)
’ 1.228 ' 0.232 'S450 := X* -8.514 S450 = -5.813
S400 := X-’ 1.092 ' -7.568 S400 =
■ 0.206 ‘ 
—5. i 6 7
S350 := X* 0.955 ' -6.622 S350 =
0.18 ' 
-4.521
S300 := X* 0.819 ' -5.676 S300 =
0.155 ' 
-3.875
S250 := X- 0.682 ' -4.730 S250 =
0.128 ■ 
-3.229
S200 := X* 0.546 ' -3.784 S200 =
0.103 ' 
-2.584
S150 := K* 0.409 ' -2.838 S150 =
0.077 • 
-1.938
S100 := X- 0.273 ' -1.892 S100 =
0.052 ‘ 
-1.292
S80 := X*' 0.218 -1.514 S80 =
' 0.041 
-1.034
S60 := X* 0.164-1.135 S60 =
■ 0.031 ’ 
-0.775
S40 := X-' 0.109 -0.757 S40 =
' 0.02 ■ 
—0.517
S20 := X- 0.055-0.378 S20 =
' 0.011 ■ 
-0.258
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i
450 5.00 -48.2 -14.2 26.6 -49.2 -2 . 0 26.0
400 4.44 -42.9 -12.7 23.7 -43.7 -1 . 8 23.1
350 3.89 -37.5 -1 1 . 1 20.7 -38.3 -1 . 6 2 0 . 2
300 3.33 -32.2 -9.5 17.7 -32.8 -1.4 17.3
250 2.78 -26.8 -7.9 14.8 -27.3 -1 . 1 14.4
2 0 0 2 . 2 2 -21.4 -6.3 1 1 . 8 -21.9 -0.9 11.5
150 1.67 -16.1 -4.7 8.9 -16.4 -0.7 8.7
1 0 0 1 . 1 1 -10.7 -3.2 5.9 -10.9 -0.5 5.8
50 0.56 -5.4 -1 . 6 3.0 -5.5 -0 . 2 2.9
0 0 .0 0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
Table 8.4b Best fit strain values (microstrains) from linear regression (Block No. 4)
i
Figure 8.4 Linear Regression for Measured Strains 
(Unloading Test BLOCK No.4)
(p.jx) cH ^ ^ d 2j 5.00
----- m— eY(1)
— □— e45(1)
----- o--- eX(1)
------o— eY(2)
--- —A--- e45(2)
A eX(2)
Applied Stresses (N/mm2 )
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Table 8.4a Measured Strains (microstrains) in Unloading Test (BLOCK No.4)
Load Stress ROSETTE 1 ROSETTE 2
(kN) (N/mm2) eY e45 eX eY e45 eX
0 0 .0 0 -1.3 1 1 . 8 3.4 0.7 2 .8
50 0.56 -7.7 -0 .1 4.9 -6.7 -0.3 4.9
1 0 0 1 . 1 1 -13.4 -2 . 2 7.5 -1 2 . 6 -1.5 7.7
150 1.67 -18.7 -4.2 10.4 -17.1 -0.9 9.8
2 0 0 2 . 2 2 -23.6 -6 . 2 1 2 . 8 -26.2 -1.5 1 1 . 8
250 2.78 -27.9 -7.6 15.3 -28 -1 . 2 1 2 . 8
300 3.33 -31.9 -9 18.3 -29.3 -1.3 17.6
350 3.89 -38.2 -1 1 . 6 19.9 -33.7 -2 . 2 19.2
400 4.44 -41.6 -10.9 23.4 -43.2 -0.3 21.3
450 5.00 -47.2 -13.8 25.1 -46.7 -2 . 2 27
400 4.44 -41.5 -1 2 . 6 23.1 -43 -1.9 22.3
350 3.89 -37.8 -1 1 . 8 19.7 -39.4 -1 . 8 18.5
300 3.33 -32.5 -9.7 18 -31.6 -1.7 17.5
250 2.78 -27.5 -7.9 15.9 -29.4 -0 .6 15
2 0 0 2 . 2 2 -2 2 . 1 -6.3 13.1 -25 -0.3 10.9
150 1.67 -18 -5.3 10.4 -15.7 -0.9 9.5
1 0 0 1 . 1 1 -1 1 . 8 -2 . 1 8.7 -13.5 0 7.5
50 0.56 -7.5 -0 .6 5.7 -7.6 0 4.2
0 0 .0 0 0 .1 0 .6 1 . 2 1 . 2 0 . 2 2.5
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ROSETTE 1 (Strains in microstrains. S tresses in N/mm2; Angle in degrees)
eX+eY eX -eY 2 ( e 4 S ) e l e 2 S ig m a  1 S ig m a  2 A n g le
-21.6 74.8 -28.5 31.1 -56.1 3.12 -10.29 2.6
-19.2 66.5 -25.3 27.6 -49.9 2.78 -9.15 2.6
-16.8 58.2 -22.2 24.2 -43.7 2.43 -8.00 2.6
-14.4 49.9 -19.0 20.7 -37.4 2.08 -6.86 2.6
-12.0 41.6 -15.8 17.3 -31.2 1.74 -5.72 2.6
-9.6 33.3 -12.7 13.8 -24.9 1.39 -4.57 2.6
-7.2 24.9 -9.5 10.4 -18.7 1.04 -3.43 2.6
-4.8 16.6 -6.3 6.9 -12.5 0.69 -2.29 2.6
-2.4 8.3 -3.2 3.5 -6.2 0.35 -1.14 2.6
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.0
Table 8.4c Secondary principal stresses and strains (Rosette 1, BLOCK No.4)
ROSE I I E 2 (Strains in microstrains,Stresses in N/mm^ Angle in degrees)
eX+eY eX -eY 2 ( e 4 5 ) e l e 2 S ig m a  1 S ig m a  2 A n g le
-23.2 75.2 -4.1 31.5 -58.5 3.07 -10.78 -7.1
-20.7 66.8 -3.6 28.0 -52.0 2.73 -9.58 -7.1
-18.1 58.5 -3.2 24.5 -45.5 2.39 -8.38 -7.1
-15.5 50.1 -2.7 21.0 -39.0 2.05 -7.18 -7.1
-12.9 41.8 -2.3 17.5 -32.5 1.71 -5.99 -7.1
-10.3 33.4 -1.8 14.0 -26.0 1.36 -4.79 -7.1
-7.7 25.1 -1.4 10.5 -19.5 1.02 -3.59 -7.1
-5.2 16.7 -0.9 7.0 -13.0 0.68 -2.39 -7.1
-2.6 8.4 -0.5 3.5 -6.5 0.34 -1.20 -7.1
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.0
Table 8.4d Secondary principal strains and stresses (Rosette 2, Block4)
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CALCULATED PRINCIPAL STRESSES FOR BIAXIAL INCLUSION (ROSETTE 1. BLOCK 4)
S450 := K*' 3.124 -10.290 S450 =
' 1.417 ' 
-6.906
S400 := K-' 2.777 -9.146j S400 =
• 1.259 ■ 
-6.138
S350 := X-' 2.430 ' -8.003 S350 =
■ 1.102 ' 
-5.37i
S300 := K-' 2.083 -6.860 S300 =
■ 0.945 ■ 
-4.604
S250 := K' 1.736 —5.7i6 S250 =
• 0.787 ■ 
-3.836
S200 := X- ' 1.389 ’ -4.573 S200 =
■ 0.63 ' 
-3.069
S150 := X*' 1.041 ' -3.430 S150 =
■ 0.472 ■ 
-2.302
S100 := K- 0.694 ' -2.287 S100 =
■ 0.315 ' 
-1.535
0.347 ' 0.157 'S50 := X- -l.i43 S50 = -0.767
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CALCULATED PRINCIPAL STRESSES FOR BIAXIAL INCLUSION (ROSETTE 2. BLOCK A)
S450 := I* 3.070-10.775 S450 =
1.344 • 
-7.246
S400 := K- 2.729 ' -9.578 S400 =
1.195 - 
-6.441
S350 := K* 2.388 ' -8.381 S350 =
1.045 ■ 
-5.636
S300 := K* 2.047 ' -7.183 S300 =
0.896 ‘ 
-4.831
S250 := X* 1.706 ' -5.986 S250 =
■ 0.747 ' 
-4.026
S200 := K- 1.364 ' -4.789 S200 =
■ 0.597 ' 
-3.221
S150 := K* 1.023 ' L—3.592 S150 =
‘ 0.448 ■ 
—2.4 i 6
S100 := X* 0.682 ’ -2.394 S100 =
• 0.299 • 
—i. 61
S50 := K-' 0.341 -1.197 S50 =
• 0.149 ■ 
-0.805
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The summary of the calculated principal stresses and their 
average are shown in Table 8.5a and the corresponding curves 
shown in Figure 8.5a. The calibration curve for biaxial inclusion 
in Block 7 is based on the average of the three rosettes and is 
shown in Figure 8.5b. The calibration ratio of the measured 
stress to applied stress is about 1.16 in this case.
The variation between the rosettes is much smaller in the 
case of Block No.2 as shown in Table 8.6a and Figure 8.6a. The 
calibration factor (ratio of measured to applied stress) is this 
case is about 0.87 as obtained from the calibration curve shown 
in Figure 8.6b. The summary of estimated stresses for Block No. 
4 is shown in Table 8.7a and the corresponding curves shown in 
Figure 8.7a. The calibration factor for Block 4 as can be 
obtained from Figure 8.7b is about 1.41.
Some observations which may be made from the results of the 
block unloading test using biaxial instrumented inclusions are 
as follows :
i) The response of the strain gauges on the inclusion 
inside loaded concrete block is approximately linear 
and regression is applied to obtain best fit.
ii) The rosettes located at different positions across the 
concrete section give different values of the 
principal stresses. The stresses estimated by the 
central rosettes give closer values to the applied 
stresses.
iii) The performance of the mild steel inclusion bonded 
with soft epoxy layer is slightly different from that 
with hard layer of chemical metal. The calibration 
factor obtained in the former case is between 1.16 and 
1.41 while in the latter case a factor of 0.87 was 
obtained.
iv) The estimated angles of the major (vertical) principal 
stress with respect to vertical gauge are between -7.1 
and 4.1 degrees and considered to be within acceptable 
limits .
v) Some minor horizontal components of stress observed 
are attributed to some errors in measurement. The 
horizontal components are more significant at high 
loads but in some cases, these are found to be 
negligible.
v i ) There was no faulty gauges or glue yield observed 
during data recording indicating that the method of 
gauge installation and bonding of the inclusion was 
satisfactory.
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Table 8.5a Summary of estimated principal stresses and average
Applied
Stress
Estimated principal stresses Applied
Stress
Average
StressRosette 1 Rosette 2 Rosette 3
5.00 6.99 4.66 5.81 5.00 5.82;
4.44 6.22 4.14 5.16 4.44 5.17
3.89 5.44 3.62 4.52 3.89' 4.53
3.33 4.66 3.11 3.87 3.33 . 3.88
2.78 3.88 . 2.59; 3.22 2.78 3.23
2.22 3.11 2.07. 2.58 2.22 . 2.58
1.6'7 2.33 1.55. 1.93 1.67 1.94
1.11 . 1.55. 1.03 1.29 1.11 1.29
0.89 1.24 0.83 1.03- 0.89 1.03.
0.67 0.93 0.62, 0.77 0.6:7 0.77'
0.44 0.62 0.41 0.51. 0,44. 0.51
0.22 0.31 0.20 0.25: 0.22 0.25,
Figure 8.5a Curves of applied and measured stress 
for Block 7
Applied stress
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Table 8.6a Summary of estimated principal stresses and average
Applied
Stress
Estimated principal stresses Applied
Stress
Average
StressRosette 1 Rosette 2 Rosette 3
5.00 3.74. 4.91 4.37 5.00 4.35 '
4.44 3.33: 4.37 3.89 4.44 3.86 '
3.89 2.91 3.82: 3.40 3.89 3.38
3.331 2.49 3.27 2.91 3.33 2.90
2.78 2.08 2.73 2.43 2.78 2.41
2.22 1.66 2.18 1.94: 2.22 1.93;
1.6,7 1.25 1.63 1.45 1.67. 1.45
1.11 0.83 1.09 0.97'. 1.11 . 0.9,7 '
0.89 0.66 0.87? 0.77' 0.89 0.77
0.6,7 0.5 0.65i 0.58, 0.67 0.58
0.44 0.33 0.43' 0.38 0.44 0.39
0.22 0.16; 0.21 0.19 0.22 0.19
Figure 8.6a Curves of applied and measured stress 
for Block No. 2
Applied stress
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Table 8.7a Summary of principal stresses (Block 4)
Applied
Stress
Estimated principal stresses Applied
Stress
Average
StressRosette 1 Rosette 2
5.00 6.90' 7.24 5.00 7.08
4.44 6.13 6.44' 4.44 6.29
3.89 5.37 5.63' 3.89 5.50
3.33 4.60 4.83 3.33: 4.71
2.78 3.83' 4.02 2.78 3.93
2.22, 3.06 3.22 2.22- 3.14.
1.67 2.30; 2.41 1.67 2.3.6
1.11 1.530 1.61 1.11 1.57,
0.55: 0.76, 0.80: 0.55. 0.79
Figure 8.7a Applied and measured stresses 
(Block 4)
i■o
£33
Rosette 1 
Rosette 2
Applied stress
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8.2.2 Triaxial instruments
One concrete block (Specimen No. 1) was used in the stacked 
block compression unloading test to check the performance of the 
triaxial inclusion under applied loads and the applicability of 
the analysis for tri-dimensional measurement. The block was 
installed with three triaxial epoxy inclusions and the position 
of the inclusions is as shown in Figure 8 .8 . Soft epoxy mortar 
was used to bond the inclusions to the concrete inside the pilot 
hole.
Three triaxial epoxy inclusions 
bonded with epoxy inside a 
concrete block specimen.
J  BLOCK No. 1
Figure 8 .8 a Positions of epoxy inclusions in Block No. 1
The nine gauges in the rosettes of each inclusion are 
designated as G1 to G9 (Inclusion 1-1), G10 to G18 (Inclusion 1­
2) and G19 to G27 (Inclusion 1-3). The location of the gauges is 
described in Table 8 .8 . Throughout the testing work, the 
arrangement of the gauges follows the same designation pattern. 
The measured strains in the loading-unloading of the block were 
fairly linear and subject to linear regression analysis to obtain 
best fit values. These are shown in Table 8 .8 a, 8 .8 b and 8 .8 c for 
inclusions 1-1, 1-2 and 1-3 respectively. The average coefficents 
of correlation are 0.9745 for Inclusion 1-1, 0.9647 for Inclusion 
1-2 and 0.9704 for Inclusion 1-3.
T V
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Gauge No. Designation Description
G1,G10,G19 
G2,G11,G20 
G3,G12,G21
ez(0) 
e45(0) 
e8(0)
Axial gauge in direction 8=0.
45 degree gauge in direction 8=0. 
Radial gauge in direciton 8=0.
G4,G13,G22 
G5,G14,G23 
G6,G15,G24
ez(rc/2) 
e45(rc/2) 
e©(m/2)
Axial gauge in direction 8=rc/2.
45 degree gauge in direction 8=x/2. 
Radial gauge in direction 8=rc/2.
G7,G16,G25 
G8,G17,G26 
G9,G18,G27
ez(5n/4) 
e45(5n/4) 
e8(5x/4)
Axial gauge in direction 8=5x/4.
45 degree gauge in direction 8=5m/4. 
Radial gauge in direction 8=5x/4.
Table 8.8 Designation of gauges on triaxial inclusion.
The components of the stress tensor and the magnitude and 
direction of the principal stresses are calculated using the 
method of analysis described in Chapter 4. A typical calculation 
for Inclusion 1-1 is shown in the Appendix D. The calculated main 
principal stresses are shown in Table 8.9.
There are some appreciable magnitude of the intermediate 
components which are attributed to measurement errors with the 
exception of Inclusion 1-1 where the minor and intermediate 
stress components are small. The angles estimated for the major 
stresses are 6 .8 ° for Inclusion 1-1, 26.7° for Inclusion 1-2 and 
19° for Inclusion 1-3. It can also be seen that the values of 
estimated stresses from the central inclusion differ appreciably 
from the other two. The average values however do provide closer 
estimates of the applied stresses. Curves of measured and applied 
stresses for each inclusion are shown in Figure 8.9a and the 
calibration curve based on the average values is shown in Figure 
8.9b.
The average calibration factor for this particular triaxial 
inclusion is about 0.84 (ratio of measured to applied stress). 
Despite the errors involved in the measurement, the analysis does 
provide predictable estimates of the stresses. The summary of the 
magnitude and direction of all the components of the three 
dimensional stresses obtained from each triaxial inclusions in 
Block 1 is as shown in Table 8.10.
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Table 8.8a Measured strains and best fit values (Triaxial inclusion 1. Block 1)
Stress G 1 G2 G3 G4 G5 Gb G7 G9
0 -0.3 1 0.6 0.4 1.6 1.5 1.3 1.7 2.1
0.22 2 6 2.9 4.6 3.6 -1.4 -3.6 3 3 1.4 0
0.44 3.9 4 64 5.5 -4 -96 5.5 1 -1.8
0.67 49 4.8 6.9 63 -10.6 -15.2 4 6 1.7 -6
0.89 7.3 6.1 84 7.7 -12.3 -20.2 6.4 0 -68
1.11 8 9 7.9 10.2 7.7 -15.4 -25.3 7.5 -0.3 -9.7
1.67 12.7 10.9 13.2 13 -21.1 -364 10.9 -14 -15.5
2.22 16.1 13 14.5 158 -258 -48 1 12.8 -3.3 -2 1 . 6
2.78 19.9 16.6 17.5 18.9 -32.6 -59.3 155 -4.2 -27
3.33 22.5 19.8 19.1 21.4 -382 -70 17.5 -6.3 -332
3.89 259 23.1 20.9 248 -42.2 -79.8 19.9 -7.1 -37.9
4.44 28.2 252 22.3 26.8 -47.1 -894 22 -84 -44 3
5 31.9 27.7 23.9 29.4 -51.1 -995 243 -10.2 -50.2
Stress G1 G2 G3 G4 G5 Gb G7 G8 G9
0 0 0 0 0 0 0 0 0 0
0.22 1.468234 1.282051 1.218702 1.397324 -2.41084 -4.52281 1.147773 -0.38688 -216359
0.44 2.936468 2.564103 2.437405 2.794648 -4.82168 -9.04562 2.295546 -0 77377 -4 32717
0.67 4.471439 3.904429 3.711503 4.255487 -7.34211 -13.774 349549 -1.17824 -6.5891
0.89 5.939673 5.186481 4.930205 5.652811 -9.75295 -18.2968 4643263 -1.56512 -875269
1.11 7.407907 6468532 6.148908 7.050135 -12.1638 -22.8196 5.791036 -1.95201 -10.9163
1.67 11.14523 9.731935 9.251059 10.60696 -18.3005 -34.3322 8 712639 -29368 -16 4236
2.22 14.81581 12.93706 12.29782 14.10027 -24.3276 -45.6393 11.58207 -3.90401 -21 8325
2.78 18 55314 16.20047 15.39997 17 65709 -30.4643 -57.1519 14 50367 -4 88881 -27 3399
3.33 22.22372 19.4056 18 44672 21.1504 -36.4914 -68.4589 17.37311 -5.85602 -32.7488
3.89 25.96104 22.669 21.54887 24.70723 -42.628 -79 9715 20.29471 -6.84082 -38.2561
4.44 29 63163 25.87413 2459563 28.20054 -48.6551 -91.2785 23.16414 -7.80803 -43 6651
5 33 36895 29.13753 27.69778 31.75736 -54.7918 -102.791 26.08575 -8.79282 -49.1724
Figure 8.8a Best fit strains from loading test (Inclusion 1 -1)
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Table 8.8b Measured strains and best fit values (Inclusion 1-2.Block 1)
Stress G 1 0 Gil G12 G13 G14 G15 G16 Gl? G18
0 1.2 1.3 1.9 1.6 1.5 0.6 1.6 2 1.4
0.22 5.7 -3.2 -1.3 4.2 -1.5 -10.9 7.6 7.9 -2 .8
0.44 8.1 -7.4 -3.3 4.8 -4.8 -209 10.7 9.8 -6.3
0.67 10 -12.9 -8.2 5 -8.4 -31.1 13.8 13.3 -1 0 . 2
0.89 11.8 -17.3 -11.3 6.3 -11 -39.5 17.3 168 -13.8
1.11 13.7 -20.8 -14.2 7.9 -13.2 -47.2 20.2 19.7 -16.3
1.67 16 -325 -24 9.8 -18.8 -65.6 26.9 24.5 -255
2.22 17.9 -43.3 -34.8 10.5 -24 -82.3 323 287 -344
2.78 18.6 -53.6 -45 12.7 -30 -98.1 387 332 -42 7
333 18.9 -62.6 -54.8 13.1 -35 -113.3 43.2 364 -501
3.89 19.8 -724 -662 15 -391 -126.2 49 393 -591
4.44 19.4 -82.1 -78 15.9 -431 -138 8 53.3 41.9 -669
5 19 -92.1 -88.5 17.2 -47.9 -150.1 58.6 43.8 -74.3
Stress GIG Gil G12 G13 G14 G15 G16 G17 G18
0 0 0 0 0 0 0 0 0 0
0.22 1.176574 -4.11284 -3 71453 0874892 -2.22259 -7.21008 2 81935 2.291057 -3 31751
0.44 2.353149 -8.22568 -7.42907 1.749784 -4.44517 -14.4202 5.638701 4.582113 -6.63503
0.67 3.583204 -12.5255 -11.3124 2.664444 -6 76879 -21.958 8.586204 6.977309 -10.1033
089 4.759778 -16 6383 -15.027 3.539336 -8 99137 -29.1681 11.40555 9.268365 -13.4209
1.11 5.936352 -20.7512 -18.7415 4.414228 -11.214 -36.3781 14.2249 11.55942 -16.7384
1.67 8.931269 -31.2202 -28.1967 6.641226 -16.8715 -54.7311 21.40143 17.3912 -25.183
2.22 11.8727 -41.5023 -37.483 8828456 -22.4279 -72.7563 28 44981 23.11884 -334767
278 14.86762 -51.9714 -46.9382 11.05545 -28.0854 -91.1092 35 62634 28 95062 -41 9213
3.33 17.80906 -62.2535 -56.2246 13.24268 -33.6419 -109.134 4267471 34.67827 -50.2151
3.89 20.80397 -72.7225 -65.6797 15.46968 -39.2994 -127.487 49.85124 40.51005 -58 6597
444 23 74541 -83.0046 -74.9661 17.65691 -44.8558 -145.513 56 89962 46 23769 -66.9535
5 2674033 -934737 -84 4212 19.88391 -50.5133 -163.866 64.07615 52.06947 -75.3981
Figure 8.8b Best fit strains (Inclusion 1-2)
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Table 8.8c Measured strains and best fit values (Inclusion 3. Block 1)
Stress G19 G 2 0 G21 G22 G23 G24 G25 G26 G27
0 1.5 1 1.4 1.3 1.7 1.7 2.5 1.7 1.8
0.22 5 2.1 1.6 3.6 1.6 -1.5 5.3 1 -0.4
0.44 5.8 1.3 -0.8 5 -0.9 -5.7 7.3 0.7 -3.9
0.67 8.6 0 -3.1 5.8 -34 -10.5 8.3 0.1 -7.7
089 10.9 -14 -6.5 8.2 -5.1 -14.5 10.4 -0.6 -116
1.11 13.2 -3.7 -10.2 9.1 -6.7 -17.3 12 -0.9 -13.7
1.67 16.9 -7.3 -19 10.8 -11 -23.5 15.7 -1.9 -21.7
2.22 20.9 -13.3 -294 13.5 -15 -29.1 18.3 -2.5 -286
2.78 247 -19 -39.6 16.3 -18 -33.9 19.7 -3.5 -35
3.33 28.1 -24.8 -49.8 18.3 -21.9 -391 25 -65 -407
3.89 31.8 -31.1 -61.4 21.1 -24.2 -40.5 28.5 -81 -46
4.44 362 -37.6 -73.1 23.1 -267 -43.5 32 -11.8 -51
5 39.9 -43.7 -84.8 25.1 -29.6 -45.5 33.6 -12.9 -57
Stress B 3 t B G20 G21 G22 wzm G24 G25 G26 G27
0 0 0 0 0 0 0 0 0 0
0.22 1.8632 -1.69851 -3.40638 1.206677 -1.35716 -2.34199 1.625568 -0 46777 -2.606149
0.44 37264 -3.39703 -6.81277 2.413354 -2.71432 -4.68399 3.251136 -0.93554 -5.212299
0.67 5.674291 -5.17275 -10.374 3.67488 -4.13317 -7.13243 4.950593 -1.42457 -7.936909
0.89 7.53749 -6.87126 -13.7804 4.881557 -5.49032 -947442 6.576161 -1.89234 -10.54306
1.11 9 40069 -8 56978 -17.1868 6.088235 -6.84748 -11.8164 8.201729 -2.36011 -13.14921
1.67 14.14338 -12.8933 -25.8575 9.159776 -10.3021 -17.7779 12.33954 -3.5508 -19.78304
222 18.80138 -171396 -34.3735 12.17647 -13.695 -23.6328 16.40346 -4.72022 -26.29842
2.78 23.54407 -21.4631 -43.0443 15.24801 -17.1496 -29.5943 20.54127 -5.91091 -32 93225
3.33 28.20207 -25.7093 -51.5603 18.2647 -20 5425 -35.4493 24 60519 -7.08033 -39 44762
3.89 32.94476 -30.0328 -60.231 21 33625 -23.997 -41.4107 28.743 -8.27102 -46 08146
4.44 37.60276 -34.2791 -68.747 2435294 -27.3899 -47.2657 32 80692 -9.44045 -5259683
5 4234545 -38.6026 -77.4178 27.42448 -30 8445 -53.2271 36.94472 -10.6311 -59.23067
Figure 8.9c Best fit strains (Inclusion 1-3)
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Table 8 .J Summary of Measured Maximum Stresses in BLOCK No.1
Applied Measured (Maximum) Stresses Applied Average Factor
Stress Inclusion 1 Inclusion 2 Inclusion 3 Stress Stress
5 2.55 6.93 3.11 5 4.19666667 0.839333
4.44 2.27 6.15 2.76 4.44 3.72666667 0.839339
3.89 1.99 5.39 2.41 3.89 3.26333333 0.838903
3.33 1.7 4.62 2.07 3.33 2.79666667 0.83984
2.78 1.42 3.85 1.73 2.78 2.33333333 0.839329
2 . 2 2 1.13 3.08 1.38 2 . 2 2 1.86333333 0.839339
1.67 0.85 2.31 1.04 1.67 1.4 0.838323
1 . 1 1 0.57 1.54 0.69 1 . 1 1 0.93333333 0.840841
0.89 0.46 1.23 0.56 0.89 0.75 0.842697
0.67 0.34 0.93 0.42 0.67 0.56333333 0.840796
0.44 0 . 2 2 0.61 0.27 0.44 0.36666667 0.833333
0 . 2 2 0 . 1 1 0.31 0.14 0 . 2 2 0.18666667 0.848485
0 0 0 0 0 0
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Table 8.10 Summary of Stress Components Estimated From BLOCK No. 1
Applied Inclusion 1-1 Inclusion 1-2 Inclusion 1-3
Stresses Sigma 1 Sigma 2 Sigma 3 Sigma 1 Sigma 2 Sigma 3 Sigma 1 Sigma 2 Sigma 3
-5 -2.54 -0.38 0.47 -6.93 -5.26 -0.74 -3.11 -2.61 0.12
-4.44 -2.26 -0.34 0.41 -6.15 -4.57 -0.66 -2.76 -2.32. 0.11
-3.89 -1.98 -0.30 0.36 -5.39 -4.09 -0.58 -2.41 -2.03 0.10
-3.33 -1.70 -0.25 0.31 -4.61 -3.50 -0.51 -2.07 -1.74 0.08.
-2.78 -1.41 -0.21 0.26 -3.85 -2.92 -0.41 -1.72 -1.45 0.07
-2.22 -1.13 -0.17 0.20 -3.07 -2.33 -0.33 -1.38 -1.16 0.05
-1.67 -0.85 -0.12 0.15 -2.31 -1.75 -0.25 -1.04 -0.87 0.04
-1.11 -0.56 -0.08 0.10 -1.53 -1.16 -0.16 -0.69 -0.58 0.02
-0.89 -0.45 -0.07 0.08 -1.23 -0.93 -0.13 -0.55 -0.46 0.02
-0.67 -0.34 -0.05 0.06 -0.93 -0.70 -0.10 -0.41 -0.34 0.01
-0.44 -0.22 -0.03 0.04 -0.60 -0.46 -0.06 -0.27 -0.23 0.01
-0.22 -0.11 -0.01 -0.02. -0.30 -0.23 -0.03 -0.13 -0.11 O.OH
0 0-00 0-00 000 O'00 0-00 000 0-00 0-00 0-00
Direction 0.993 0.065 -0.099 0.893 0.437 -0.103 0.945 0.302 -0.124
Cosines -0.082 0.981 -0.177 0.448 0.849 0.279 -0.316 0.941 -0.120
0.086 0.184 0.979 0.034 0.296 -0.955 0.080 0.153 0,985
Page 199
Chapter 8 Results of Calibration Experiments
8.3 Overcoring Tests on Concrete Blocks
The use of triaxial instruments which form the main part of 
the study was employed on the rest of the block specimens. Soft 
epoxy inclusions were used in specimens No. 1, 3, 5, 6 and 8 .
These inclusions were instrumented with strain gauge rosettes on 
their circumference (see Section 7.3). Blocks No. 2, 4 and 7 
containing biaxial inclusions were not subject to overcoring 
tests.
The small concrete cores obtained from pilot hole-drilling 
in the plain blocks (specimens No. 9 to 16) were instrumented and 
re-instated into the hole to act as inclusions having equal moduli 
with the 'host' concrete. All the inclusions in this overcoring 
tests were bonded with soft epoxy material.
The steps involved in the data recording are as follows :
i) The block containing the inclusion was subject to. a known 
compressive loading & the initial datum reading of the gauges 
were recorded. In the case of the plain block, the pilot hole 
was drilled under load and any partial relief was measured. 
The inclusion was then installed while maintaining the same 
loading.
ii) Still mantaining approximately the same load, the inclusion 
was overcored by 150mm diameter bit in increments of 25mm. 
The strains in the gauges were read at each interval.
iii) Strain evolution curves were plotted for each gauges.
iv) Components of the stress tensor were then calculated from 
the pre-overcoring and post-overcoring strains. The 
magnitude and direction of the three dimensional principal 
stresses were obtained from eigenvalues and eigenvectors of 
the tensor.
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8.3.1 Strain Measurements
a ) Pre-instrumented blocks (Specimens 1,3. 5 . 6  and 8 )
The position of the inclusion and the location of the 
rosettes inside the blocks is shown in Figure 8.10.
\7
1 2 3
i
¥
Iz
SJo*Jc Concrete b d a d a o
77
BLOCKS No. 1,3,5
Three triaxial epoxy inclusions 
connected in series.
BLOCK No. 6
Single triaxial epoxy 
inclusion at mid-section
BLOCKS No. 9-16
Small concrete core re­
installed as inclusion.
Figure 8.10a
Positions of inclusions in pre-instrumented blocks
Figure 8.10b 
Plain blocks No. 9-16
Results of Block N o . 3 were not reported due to technical problems 
encountered during the test. The overcoring strains for Block 1 
are given in Table 8.11 for each inclusion and the corresponding 
evolution curves are shown in Figure 8.11. Unstable initial 
readings prior to gauge area in Inclusion 1-1 may probably be due 
to some error associated with bonding and temperature or gauge 
misalignment. Most gauges however, showed a fairly stable upper 
level. A slightly better strain evolution is observed in 
Inclusion 1-2 in which the three phases are quite apparent. The 
linear increase can be observed over the gauge area which is at 
about 150 mm from the edge. Inclusion 1-3 also shows quite stable 
initial readings with increase over gauge area at 250mm distance. 
Certain gauges however show some irregularities. Stable upper 
level can also be observed.
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T a b le  8.11 Overcoring strains from Block 1
Depth mm G1 G2 G3 G4 G5 G6 G7 G8 G9
0 0 0 0 0 0 0 0 0
14.7 17.2 227 1 1 0.7 15.9 12.5 18 21 4• • • 36 30.6 45.8 30.4 11.3 31 322 37.7 354
41.2 10.7 35.2 23.4 13.2 43.1 29.2 45.8 42.7
J 60.3 9.7 27.8 72.7 48.2 55.6 61.6 45.9 43
, . ... 69.6 22.9 2 1 . 2 687 64.4 66.4 659 52.9 46.2■ • • | ■> 90 35.3 27.4 85 78.8 899 84.7 693 67 3
. . ‘ 109 53.8 25.8 1 0 2 964 113.6 107 921 90.8
3 -i <:■ . ;i91.1 727 262 1 0 0 119 85.1 1 0 2 764 665
84.5 79.4 32.3 942 127 847 994 76.5 64
82 858 41.6 899 135 93.3 97.6 83.3 728
81.3 92.2 52.6 89.1 139 101.4 967 88.5 80.5
82.4 98.9 547 90.8 145 105.8 94 1 89.2 88.7
Table 8.11a Inclusion 1-1
Depth mm G10 G11 G12 G13 G14 G15 G16 G17 G18
PjaBlHP o 0 0 0 0 0 0 0 0
6 .2 4.1 -2 . 2 -1 . 2 4.1 -4.2 12.5 2 . 8 -14.8
1 0 . 2 12.5 2 . 8 2 . 1 5.9 -4.8 17.7 96 -16.2
ipllfe 24.7 40.3 229 18.5 13 7 -4.8 397 34.1 -15.9HHHB 23.8 44.9 37.5 126 13.2 -5.6 39.1 33.9 -15.7
68.7 71 4 72.6 38.8 34.1 12.9 74.9 62.5 -17.1
127 937 142 60.9 79.7 78.2 107 81 3 -17.5
154 100 9 157 7 87.4 147 171.3 114 571 43S i ® !  1^4 59.7 141.1 6 8 .1 103 1 1 0 . 2 655 1.9 18.6
' EH 51.2 114.1 85.3 1 0 2 94.8 74.1 -8.4 32.5■ M f l H g  125 456 974 1 0 0 103 80.4 89.1 -5.7 42.9
1 2 0 43.4 91.7 104 96.1 65.3 97.3 6.7 497
31.3 69.1 91 4 77 1 51.4 872 11.9 44 3
Table 8.11b Inclusion 1-2
Depth nr G19 G20 G21 G22 G23 G24 G25 G26 G27
• tA o 0 0 0 0 0 0 0 0
• »svv.. •vilS 4.4 -3.6 -12.3 3.7 1.7 3.7 2.4 6 .6 -4.4: i 5.1 -37 -15.1 38 3.2 5.8 5.5 87 -3
V.- : •.f»A*vS i 8 .8 -4.3 -17 9 5.5 4 38 8.5 1 0 . 6 -44- - _* ;• 7.9 -2 .8 -14.1 44 4.5 7.3 69 103 - 1
. , ■ 1 0 . 8 0.4 -9.5 54 59 7.5 11.3 127 0.7■ >319.7 7.4 1 . 8 6.7 75 46 19.6 15.8 3.3
. » - • •'■4h| 44.3 31.3 367 6.3 13.7 1.5 45.8 26.5 92' '.AA .a: 54.5 51.7 907 9.4 1 1 1 . 8 55.6 28.4 11.5
f  . 3 I 71.4 94.9 192.3 4 16.7 286 754 532 30.8
if i ■. A;- 58.1 147.7 195.6 -6.5 14.7 90 65.8 746 63.3
55 9 139.9 2262 -11.3 25.4 165 7 39.1 82.1 124.4
'•.■ir
45 8 133 4 226 177 77.8 182 43.1 94 122 7
Table8.11c Inclusion 1-3
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Figure 8.11 Evolution curves from overcoring test on Block 1
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The overcoring data for Block 5 are shown in Table 8.12 and 
the corresponding evolution curves shown in Figure 8.12. Readings 
from Inclusion 5-1 in Block No. 5 were discarded due to some 
anomalies observed. The other two inclusions give reasonably good 
results especially Inclusion 5-2 in which the overcoring phases 
are readily apparent from the plot. Readings of the measured 
axial strains are quite close to each other confirming the 
theoretical assumption that strains in axial direction are 
constant. The stable upper levels of each gauge readings are used 
for calculating the stress field.
The data for Block 6 is shown in Table 8.13 and Figure 8.13. 
Lack of defined upper level is attributed to errors during 
measurement. However, the initial plateau and the linear changes 
over gauge area are observed. The results from Block 6 are 
therefore regarded as suspect. Data from Block 8 indicated 
possible case of glue yield or incomplete bonding where high 
axial strains are observed and all the strains tend to flock 
together as shown in Figure 8.14.
Some general observations made from overcoring tests are as 
follows :
i) There are some difficulties in obtaining the 
characteristics strain evolution curves from the overcoring 
tests on the block specimens. These may be attributed to 
errors associated with technical drilling problems, edge 
effects, gauge misalignment and incomplete bonding.
ii) Inclusion in Block N o . 8  was subject to incomplete bonding, 
the effect of which resulted in high axial strains recorded 
during overcoring.
iii) A stable upper level in the evolution curve is difficult to 
achieve in the block tests as the size of the specimen is 
small and the overcoring hole is drilled through the whole 
section.
iv) As in unloading tests, stresses estimated from overcoring 
of multiple inclusions give different values across the section.
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T a b le  8 .1 2 a  O v e r c o r in g  s t r a i n s  f o r  I n c l u s i o n  5 —2
Depth mm G10 G11 G12 G13 G14 G15 G16 G17 G18
0 22 29 1.9 38 3.7 2.8 3.1 2.7 38
25 1.5 2.7 2.5 0.9 3.3 2.9 7.1 4.8 4.5
50 1 37 64 -0 9 6.9 5.9 7.8 4.5 69
75 -56 7.2 16.9 0.5 13.8 14.1 9.1 9.5 14.2
100 -3.5 18 27.1 66 228 20.9 11.2 13.1 229
1 2 5 21.4 31.2 14 4 29.2 26.8 9.2 273 13.6 123
1 5 0 582 383 -10.1 60.7 22.6 -12.9 586 19.5 -11
1 7 5 80.1 44.6 -13.1 74.2 20.2 -189 69.1 265 -18.6
200 88 1 51.9 -1.6 97.7 206 -125 70.6 329 -136
2 2 5 91.8 58.1 10.7 102.3 24.7 -28 71.3 385 -7
2 5 0 938 61.6 14.9 103.6 26.3 32 726 407 -2
2 7 5 95.4 62.9 16.7 101.9 26.9 2.6 75.2 42.2 -1.4
3 0 0 99 4 65 5 15.5 102.9 29 3 75.1 41.3 -46
Figure 8.12a Evolution curves for Inclusion 5-2
---■--- G10
---□--- G11
---♦--- G12
---0--- G13
---A--- G14
---£--- G15
---•--- G16
---O--- G17
---X--- G18
Overcored distances (mm)
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T a b le  8 .1 2 b  O v e r c o r in g  s t r a i n s  f o r  I n c l u s i o n  5 —3
Depth mm G19 G20 G21 G22 G23 G24 G25 G26 G27
0 0.9 1.6 0 2.1 2 3 1.8 2 2 9 33
2 5 1.4 1.2 0.2 2 0.8 1.4 11.3 9.2 7.9
SO 11 0 8 28 1.9 0.9 23 11.7 10.6 92
75 0.6 -0.2 4.8 1.7 2.3 3.9 12.5 10 9.9
100 -0.5 -2.1 6.1 1.4 2.6 4 4 128 98 9 1
1 2 5 -29 -4.6 6.4 0.1 5 3.4 12.6 10.5 13.2
1 5 0 -10.4 -97 11.1 -4.4 12.3 6.1 8 8 10.5 17.1
1 7 5 -17.8 -12 13 -7.6 19.6 14.4 6.1 14.3 238
200 -16 4 -13.4 15.1 -4.6 329 15.1 14.5 20 7 268
2 2 5 -0.9 -7.2 15.9 19 9 39.1 16.6 43 1 33.2 26.5
2 5 0 21.9 12 26 5 552 355 11.5 73 1 50.6 28 5
2 7 5 434 35.2 27.4 734 38.7 13.6 86.6 56.8 29 7
3 0 0 597 532 28 789 37 4 157 885 564 322
Figure 8.12b Evolution curves for Inclusion 5-3
Overcored distances (mm)
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Table 8.13 Overcoring strains in Block 6
Depth mm G1 G2 G3 G4 G5 G6 G7 G8 G9
;
0 -0.5 0.9 2.2 2 1.6 3 2.7 2.1 2
25 0.1 0.5 0.7 1.6 1.3 1 37 1.9 -1.3
50 0.7 0.2 -0.2 3.4 1.7 0.2 6 2.4 -0.4
75 26 0.1 -0.3 82 37 -1.2 99 4.1 -1.3
100 6.4 3.5 0.1 16.7 8.1 -1.9 19 8 -2.7
1 2 5 16.9 75 -3 5 334 13.2 -68 38 7 17.4 -8.3
150 25.9 133 -3 50.6 20 -8.1 57.1 25.8 -9.6
175 296 199 6.1 539 256 1.7 60.8 31.8 -0.1
200 51.2 43.9 32 647 44.2 30 736 48.8 26.8
2 2 5 735 792 76.4 748 737 80.4 81 763 82.9
250 84.5 115.4 141.4 80.6 113.6 152.8 759 112.4 158.3
275 925 137.5 183.5 79.9 140.4 201.9 679 134 8 207 1
3 0 0 962 157.9 2263 71.9 161.3 252 53.7 151.8 254.7
Figure 8.13 Evolution curves for single inclusion in Block 6
----- ■--- G1
----- □--- G2
------♦----- G3
------0----- G4
------a------ G5
----- 6----- G6
----- • ----- G7
----- O----- G8
----- X----- G9
Overcored distances (mm)
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Table 8.14 Overcoring strains in Block No. 8
Depth mm G1 G2 G3 G4 G5 G6 G7 G8 G9
0 0 . 6 1. 2 1.5 1.7 2.2 2 4 2.2 3 0 . 9
25 1.3 1. 2 3.6 0 1.2 2.6 0 1.5 2.2
50 0.9 3.8 7.4 3.5 1 1 0 1 .1 3.5
75 1 6 . 3 12 . 8 5 1. 3 4 1 1. 4 5.5
100 2.7 15 30 . 4 -5 8 . 8 17 6 . 6 7 14
125 39 44 66. 3 17 36 43 42 38 46
150 101 87 108 63 80 85 100 90 95
175 170 137 157 125 136 138 165 151 155
200 227 182 201 179 184 184 218 204 208
225 269 207 222 224 212 211 249 238 241
250 253 200 215 214 215 216 239 230 236
275 242 193 209 201 207 209 228 221 228
300 276 228 247 233 238 233 258 254 260
Figure 8.14 Evolution curve for Block 8 (Possible error due to 
incomplete bonding)
■ G1
-O  G2
-♦ G3
O G4
  G5
■a G6
-+ G7
O G8
•X G9
Overcored distances
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b ) Strains in plain blocks
In the case of plain blocks, partial relief due to pilot 
hole-drilling must be recorded by means of the surface gauging. 
This will then be accounted into the stresses estimated from 
overcoring to give the total release. The partial release 
estimated from surface measurement by Demec gauges is shown in 
Table 8.15.
All the plain blocks were instrumented in the same way as 
described earlier. Each block consists of a single concrete 
inclusion instrumented at mid-section. Data for Block 9 is given 
in Table 8.16 and Figure 8.16. For convenience, the data of other 
specimens are not included in this section. The results from 
Block 9 illustrate the performance of an instrumented inclusion 
in a host medium of equal properties. Similar features of the 
evolution curves were observed which include lack of defined 
upper level as in previous cases.
BLOCK No. Strain-1 Strain-2 Angle Sigma-1 Sigma-2 Sig1-Sig2
9 67.44 -39.09 -4.37 2.01 -0.95 2.96
10 45.02 19.59 9.22 1.7 0.93 0.77
11 48.03 10.69 -6.26 1.62 0.59 1.04
200 mm 12 36.51 -32.46 -1.68 0.97 -0.83 1.8
DEMEC 13 37.46 17.2 0 1.23 0.7 0.53
14 45.65 -3.12 2.38 1.51 0.12 1.38
15 34.84 -12.56 -9.99 1.1 -0.25 1.34
16 40.58 -12.22 2.2 1.32 -0.21 1.53
9 97.79 -25.34 -5.65 3.07 -0.35 3.42
10 101.82 -21.32 -5.65 3.49 -0.21 3.7
11 63.51 4.91 -7.97 2.1 0.47 1.63
100 mm 12 109.53 -61.23 4.07 3.08 -1.38 4.45
DEMEC 13 65.01 -60.98 -13.28 1.72 -1.57 3.29
14 66.1 -49.99 16.84 1.96 -1.34 3.3
. 15 26.05 -9.95 13.28 0.82 -0.2 1.02
16 N/A N/A N/A N/A N/A N/A
Table 8.15 Summary of stresses due to hole drilling (N/mm2)
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Table 8.16 Overcoring strains of concrete inclusion in Block 9
Depth an| G1 G2 G3 G4 G5 G6 G7 G8 G9*•• V'-.
■ ..-r| 0 0.9 0.3 0 1.4 2 1. 5 2.2
00rH
. a -3 -2 1.3 -2 -1.3 -1 -1 0.2 -1
-3
-1
-1
0
2.6
5.2
-1
-1
-0.7
-0.7
0
1.6
0.3
2.1
0.5
1.7
-1
0.1
-3 -1 6.2 -4 -2.2 1.1 3.3 0.6 0.3
. ; -4 -2 8.8 -5 -6.5 0 3.8 0.4 0.6
. . .  . ......
- A -1 20 0.1 -6 0.8 4.2 4 .1 15
0.3 2 4 37 5.9 -1.2 3.1 5.6 7.6 26’ J0.5 2.5 43 9.7 4.4 3.8 2.5 13 27
3.9 5.6 46 15 12.6 7.5 1. 3 27 28
■ ir :
4 .1 
8.7
6 . 9 
11
54
55
15
18
14.3
20.2
8.6
14
1.7 
1. 6
32
43
30
29
-  ^  H J 8.7 11 56 17 19.4 14 1.8 46 29
I-WCTWB
Figure 8.16 Evolution curve from overcoring concrete inclusion in
Block 9
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8.3.2 Stress Prediction
The assessment of the overcoring strains from the evolution 
curves for each block allows estimate of the stresses to be made. 
The upper level strain readings after overcoring are used to find 
the resulting strains due to overcoring. These are then 
transformed into components of stress tensor by means of 
equations. Typical calculation for Block 13 is as shown in 
Appendix D. Table 8.17 shows the summary of stresses estimated 
from overcoring tests of triaxial inclusion.
BLOCK Estimated Stresses Direction Cosines
No. Sigma 1 Sigma 2 Sigma 3 I m n
B1-1 3.82 1.80 1.29 0.277
0.166
0.947
0.889
-0.418
-0.187
-0.365
-0.893
0.263
B1-2 3.87 1.56 1.04 -0.199
-0.043
-0.979
0.498
-0.86
0.064
0.844
0.5
0.194
B5-2 2.62 0.94 0.52 0.296
0.146
-0.944
0.449
-0.93
0.03
0.848
0.425
0.333
B5-3 332 1.00 0.40 0.906
0.185
0.381
-0.351
-0175
0.92
-0.237
0.967
0.094
9 2.50 1.19 0.51 0.039
0.916
-0.4
-0.432
0.377
0.819
0.901
0.141
0.41
10 2.61 1.95 1.35 -0.512
-0.645
0.568
-0.859
0.368
-0.357
-0.021
0.67
0.742
11 3.07 0.76 -1.69 0.927
0.37
0.055
0.075
0.039
0.996
03367
-0.928
0.064
12 2.88 1.98 0.64 0.855
0.255
0.452
0.248
0.565
-0.787
0.456
-0.785
-0.42
13 2.26 0.75 -0.59 0.137
0.662
0.737
-0.976
0.219
-0.015
-0.171
-0.717
0.675
14 248 1.65 0.47 0.898
0.251
0.363
0.121
0.651
-0.749
-0.424
0.716
0.554
15 1 44 0.60 -0.67 -0 627 
0.649 
-0.431
0.258
-0.349
-0.901
0735
0.676
-0.052
16 N/A N/A N/A N/A N/A N/A
Table 8.17 Summary of estimated stresses from overcoring (N /m m 2 )
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8.4 Re-loading Tests on Stress Relieved Cores
The cores obtained from the overcoring tests are re-instated
into the blocks to simulate a system of re-loading. The blocks
containing the cores were loaded at about 20 kN intervals upto
about 220 lcN. This corresponded to a maximum applied stress of 
0about 2.45 N/mm . The gauges were then zeroed at the maximum load 
and then the load was decreased at similar intervals. Results are 
hereby described for Block specimens No. 3, 10, 12, 13 and 15 all 
of which were instrumented with triaxial epoxy inclusions. The 
strains recorded during the re-loading tests on the blocks and 
the corresponding plots are shown in Table 8.18a to Table 8.18e.
Most of the gauges showed little zero shift indicating that 
the gauges were still intact and the bonding was satisfactory. 
Components of the three dimensional stresses were calculated 
using the solutions for tri-dimensional analysis and their 
corresponding direction cosines were obtained. The values 
calculated at maximum applied stress are as shown in Table 8.19. 
The major components in each case were quite within the magnitude 
of the applied stresses but some intermediate components were 
quite significant in some cases.
These results therefore indicates in general terms that it 
would be feasible to extrapolate the re-loading strains to re­
establish the original strains in the gauges to obtain the 
stresses. This could provide a simple means of assessing stresses 
at coring positions in a structure by re-loading the stress 
relieved core obtained by overcoring. In field testing the 
relieved core is converted into prism or octagon by casting 
concrete around it. This will allow loading to be applied along 
the diametric direction parallel to the direction of stress 
release.
The estimated maximum principal stresses obtained from each 
measurement in the unloading, overcoring and reloading tests are 
compared and the results are summarised in Table 8.20.
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Table 8.18a Reloading Strains from Block No. 3
Load (kN) Stress G1 G2 G3 G4 G5 G 6 G7 G 8 G9
1.08 0 .0 1 -0.9 1 1 2.7 2 . 1 2.5 1 . 8 2.5 1 . 1
25.97 0.28 -6.4 -2 . 2 1 . 8 -1 . 6 1.4 4.1 -5.4 -2 . 8 3.8
50.45 0.56 -12.3 -7.2 4.8 -4.7 0.7 6 -15.6 -6 .8 6 .8
75.7 0.84 -20.3 -10.4 6.3 -9.1 - 1 6.5 -30.6 -14.1 1 0 . 8
100.45 1 . 1 1 -27.2 -14.9 9.5 -1 0 . 6 -1.5 6.9 -44.2 -20.5 15.3
125.56 1.39 -34.2 -18 12.9 -13.4 -3.3 7.4 -61.2 -27.8 19.9
150.28 1 . 6 6 -41.5 -22.5 16.4 -16.1 -2.4 9.1 -81.7 -34.2 25.6
175.83 1.95 -49.5 -26 19.4 -19.1 -3.4 8 .6 -94.5 -42.2 30.5
200.71 2.23 -56 -30.6 23.5 -20.5 -4.3 7.5 -124.9 -47.9 34.9
225.33 2.50 -64.1 -33.9 27.1 -21.5 -5.2 9.1 -149.4 -56.8 40.9
215.7 2.39 1 . 1 1 . 8 0 .8 1 . 8 1.3 1.5 2.5 3.2 1.3
199.27 2 . 2 1 6 .1 4.7 - 0.1 4.1 1.3 0 .2 10.5 8.7 -0 . 2
175.63 1.95 12.7 7.8 -3.8 4.5 1 . 8 0 29.4 15.7 -4.6
149.25 1.65 2 0 . 1 11.7 -7.5 6 1 . 8 -0 . 2 45 24.3 -9.3
124.66 1.38 26.5 14.4 -1 1 . 2 8 . 2 1.9 -2.7 59.9 30.4 -13.7
100.97 1 . 1 2 33 17.3 -13.7 9.3 1.9 -4.1 76.5 35.8 -18.8
71.65 0.79 42.3 23 -17.4 14 3.3 -4.8 96 44.8 -24.1
50.64 0.56 47.9 25.8 -21.5 16.5 3.7 -4.7 109.3 49.1 -29.5
25.97 0.28 56.2 31.1 -23.2 2 1 . 8 6 .8 -3.1 123 53.1 -33.6
1.3 0 .0 1 . 60.5 33.4 -26.3 24.2 7.8 -4 130.9 56 -37
0.0 1. -0.301 -0.161 0.1207 -0 . 1 1 1 -0 . 0 2 1 0.054 -0.62 -0.2529 0.185
0.28 -7.236 -3.865 2.9015 -2.671 -0.515 1.2975 -14.91 -6.0815 4.4489
0.56 -14.06 -7.509 5.6366 -5.189 -1 . 0 0 1 2.5207 -28.97 -11.814 8.6425
0.84 -21.09 -11.27 8.4576 -7.786 -1.502 3.7822 -43.47 -17.727 12.968
1 . 1 1 -27.99 -14.95 11.223 -10.33 -1.994 5.0188 -57.68 -23.523 17.208
1.39 -34.98 -18.69 14.028 -12.91 -2.492 6.2734 -72.1 -29.403 21.509
1 . 6 6 -41.87 -22.37 16.79 -15.46 -2.983 7.5085 -86.29 -35.192 25.744
1.95 -48.99 -26.17 19.645 -18.09 -3.49 8.7851 - 1 0 1 -41.175 30.121
2.23. -55.92 -29.87 22.424 -20.64 -3.984 10.028 -115.2 -47.001 34.383
2.50 -62.78 -33.54 25.175 -23.18 -4.472 11.258 -129.4 -52.766 38.601
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Table 8.18b Reloading Strains from Block No. 10
L o a d ( k N ) S t r e s s G1 G2 G3 G4 G5 G6 G7 G8 G9
1 .03 0 1. 4 1 1.7 1 . 8 2.4 2.5 3 . 3 2.3 1. 7
20 .03 0 .2 2.8 3 . 3 1.9 1. 8 1.3 1.1 5.7 -4 . 8 -5.1
39. 83 0 . 4 5.2 5 . 9 1.8 2 -0 . 3 -0.1 8.2 -14 -13
60 .72 0 . 7 7.5 8.9 1.5 1.3 -0.6 -2.3 11 -25 -22
80. 72 0 . 9 10.3 14 . 4 1 0.2 -4 -3.3 13 -36 -31
99 .98 1 . 1 11.8 18.3 0.2 -1.2 -4 . 8 -5.8 15 -48 -42
120 . 22 1 . 3 13.4 23.3 0 . 1 -2.4 -7.1 -8.2 20 -59 -51
140 .46 1 . 6 15.6 28 .2 0 -3.9 -8.9 -9 . 9 23 -73 -61
159 . 86 1 . 8 17.5 33.2 -0.7 -5.5 -11 -12 25 -85 -72
180 .29 2 18.3 37 . 6 -1 -6.9 -14 -14 28 -99 -84
200 .28 2. 2 19.7 43 -1.6 -8.3 -15 -16 32 -113 -95
220 .96 2 .5 22.1 49.2 -1.7 -9.1 -18 -19 36 -126 -107
218.89 2.4 0.5 0.5 1.1 2.7 2.5 2.6 2.5 3.3 3.7
194.38 2.2 -1.8 -6.3 1.8 3.3 4.5 4 . 9 -2 23.8 15.9
178.83 2 -2.5 -9.9 1.4 4.1 5.7 6.5 -4 33.2 22.2
160.76 1. 8 -4 -15 1. 7 4 . 4 6 . 8 7 . 2 -6 42.4 28 . 2
141.42 1.6 -5 . 9 -19 1.9 5.1 8.2 8.4 -10 53.6 37.4
121.41 1. 3 -8.2 -24 2.9 5.6 9.9 10 . 4 -13 65.6 48.4
119.86 1.3 -7 -23 2.6 6 . 4 10.3 11 -11 66.9 49 .6
100 . 85 1.1 -9.6 -31 2.9 9.8 13.1 14 . 2 -16 82.6 62
80 . 23 0.9 -11 -35 3.8 11.2 15.5 16.7 -19 94.5 72.8
61.24 0.7 -13 -39 4 . 5 11.1 16.5 17 . 5 -21 105 79.6
40.32 0.4 -16 -43 4 12.3 18.2 20.3 -25 115 91.9
20.56 0.2 -19 -4 7 4 13 . 2 19 . 7 21.1 -28 126 102
1.1 0 -22 -49 4.1 12.8 20.3 23.2 -30 134 109
60
40
20
„ 0 
| -20
S3 -40
1 -60
2 -80
-100
-120
-140
Figure 8.18b Reloading Strains (Best Fit Values) in BLOCK No. 10
Applied stress
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Table 8.18c Reloading Strains from Block No. 12
L o a d  ( k N ) S t r e s s G 1 G 2 G 3 G 4 G 5 G 6 G 7 G 8 G 9
0 . 8 1 0 . 0 0 9 - 2 . 1 - 3  . 4 - l - 0  . 7 0 - 1 . 9 - 0 . 1 0 . 5 1  . 9
20 . 1 8 0 . 2 2 4 2 - 1 . 9 - 4 . 4 - 1 . 9 - 0  . 7 - 2 . 6 - 4 0  . 4 - 0 . 2 1 . 2
3 9 . 9 7 0 . 4 4 4 1 - 0 . 7 - 3 . 4 - 1 . 3 - 1 . 1 - 6 . 4 - 7 . 6 2.8 1 . 3 0 . 9
6 0 . 4 3 0 . 6 7 1 4 - 0 . 3 - 3 . 8 -3.5 -0 . 8 -10 -12.6 4 0 . 7 0.9
80 . 07 0.8897 0.2 -2.9 -5.8 -1. 7 -16 -16 .7 6.4 2 . 4 1.1
99.27 1.103 2 . 8 -1.4 -5 -0.9 -20 . 9 -20.1 9 . 4 4.8 2.2
121.22 1.3469 4 -1.2 -5 . 4 -1.3 -26.3 -26 .2 11.5 7.2 2.7
139.68 1.552 5 0.1 -5.4 -1.5 -31.6 -29.2 13.6 8.5 3
159.89 1.7766 6.2 0.8 -6.4 -1.9 -37 . 2 -36.2 16 10 . 6 2.2
180 . 2 2.0022 7.4 2.3 -6 . 9 -1.5 -43.2 -41.8 19 13.4 4.6
200.43 2.227 8.8 3.4 -7.8 -2.2 -49.5 -47.4 21.4 15.4 6
220.91 2.4546 10.3 4 . 3 -7.5 -2.3 -55.8 -53 . 2 23.5 18.2 6.6
198.62 2.2069 -0.7 0.5 1.6 2.1 5 5 1.5 0.7 2.5
180.09 2 . 001 -2 -0.4 2 . 3 1.3 8.6 9 . 3 -0.7 -0.7 1. 3
160.67 1.7852 -3.3 -1 3.6 2.7 13.8 13.1 -3.1 -2.9 0 . 8
141.01 1.5668 -4 -2.3 3.6 2.6 18.2 17 . 3 -5.6 -4.2 0.2
120.14 1.3349 -6.1 -3.3 4.1 2.2 22.7 22 . 2 -7.6 -6.8 -0 . 5
101.03 1.1226 -6.9 -3.8 5.3 1.7 29.1 28 .1 -10.8 -9 . 3 -1. 7
80.59 0.8954 -8.5 -5.4 5.7 3.2 33.8 32.5 -13.2 -10.9 -1.7
61. 72 0.6858 -10.2 -6.6 7 2 . 9 39 . 3 36 .5 -15 .1 -12 -2.3
42.17 0.4686 -11.1 -7.3 7.2 2 . 7 43.7 41.7 -18 -14 -2.7
20 .84 0.2316 -12.2 -8.1 7.3 2.6 47.4 45 . 8 -21.2 -15 . 5 -3
0 . 97 0.0108 -13 -8.3 7.6 3 51.9 49 -21.7 -15 . 3 -2 . 3
Figure 8.18c Reloading Strains in BLOCK No.12
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Table 8.18d Reloading Strains in Block No. 13
Load(kN ) Stress G1 G2 G3 G A G5 G6 G7 G8 G9
0.98 0.01. 0.9 1.5 2.3 2.3 1.9 3.6 2 2.9 3
20.31 0.22 0.7 -1.3 -1.7 1.9 -0.2 2.6 2.5 1.9 2.8
40.28 0.44 2.5 -3.8 -6.1 2.8 -2 1.3 4.4 2.4 1.7
60.88 0.67 4.3 -5.9 -11.1 4.3 -4.3 0.5 6.3 2.3 1
80.16 0.89 6 -7.3 -15.7 6.3 -5.9 -3 8 3.1 0.1
100.6 1.11 7.4 -8.1 -20.7 7.2 -9.2 -1 10.2 2.5 -0.9
120.59 1.33, 9.7 -10.4 -25.6 8 -12.3 -0.8 12 2.8 -2.4
140.55 1.56 11.3 -12.5 -30.6 9.6 -14.8 -0.9 14.6 3.8 -3.5
160.69 1.78. 13.9 -13.4 -35.6 10.9 -18.6 0 16.5 3.4 -4.3
180.59 2.00 15.6 -14.7 -40.8 12.4 -22 0.4 19.4 4.3 -5.2
200.67 2.22 18.6 -15.5 -44 14 -24.9 1 21.5 4.4 -6.2
220.57 2.45 20.3 -17 -48.2 14.1 -28.1 1.7 23.7 6.2 -6.9
232.71 2.58 0.5 1.4 1.6 0.9 2.3 3 2.6 2.3 3
220.85 2.45 -0.1 2.7 7.7 2.5 4.9 2.6 2.3 2.9 4.8
200.85 2.23 -2 4.1 15.4 1.4 6.5 1.5 0.4 2.6 6.7
180.79 2.00 -4.6 5.8 21 -0.1 8.9 1.8 -2.4 1.3 7.5
160.3 1.78 -6.3 7.1 26.9 -1.5 11.9 1.4 -4.5 2.5 9.8
140.81 1.56 -7.6 8.3 30.5 -2.7 14 0.9 -6.2 1.7 9.7
121.58 1.35 -9.6 9.9 34.8 -3.6 17 0.3 -8.1 1.8 10.4
101.6 1.12. -10.9 10.5 40.1 -4.8 20.2 0.4 -10.7 1.5 12.1
80.38 0.89, -13.4 12.4 45 -6.2 23.2 0.3 -11.9 0.8 13.7
60.71 0.67 -16 13.7 48.3 -7.1 25.5 2.2 -13.8 0.5 13.3
41.68 0.46 -17.6 15.6 52.9 -8.7 28.3 2.5 -16.4 1.2 14.3
21.02 0.23 -19.4 18 56.6 -9.9 31.8 5.4 -19.4 1.4 15.8
1.07 0.01 -20.3 19.8 59 -10 33.4 5.2 -19.7 1 15.6
0.01 0.0847 -0.0798 -0.213 0.0666 -0.113 0.0011 0.1032 0.025 -0.024
0.22 1.7549 -1.6548 -4.405 1.3812 -2.337 0.0222 2.1389 0.52 -0.505
0.44 3.4805 -3.2819 -8.736 2.7393 -4.634 0.044 4.2419 1.032 -1.002
0.67 5.2605 -4.9603 -13.2 4.1402 -7.004 0.0666 6.4113 1.559 -1.514
0.89 6.9264 -6.5312 -17.39 5.4514 -9.222 0.0876 8.4417 2.053 -1.993
1.11 8.6926 -8.1966 -21.82 6.8414 -11.57 0.11 10.594 2.577 -2.501
1.33 10.42 -9.8253 -26.15 8.2008 -13.87 0.1318 12.699 3.089 -2.998
1.56 12.145 -11.452 -30.48 9.5582 -16.17 0.1537 14.801 3.6 -3.495
1.78 13.885 -13.093 -34.85 10,928 -18.49 0.1757 16.922 4.116 -3.995
2.00 15.604 -14.714 -39.17 12.281 -20.78 0.1974 19.018 4.625 -4.49
2.22 17.339 -16.35 -43.52 13.647 -23.09 0.2194 21.133 5.14 -4.99
2.45. 19.059 -17.971 -47.84 15 -25.38 0.2411 23.228 5.649 -5.484
-■  G1
a G2
-♦ G3
O G4
-* G5
-A G6
-• G7
<3 G8
Figure 8.18d Reloading Strains (Best Fit) from BLOCK No. 13
Applied Stresses
Page 216
Chapter 8 Results of Calibration Experiments
Table 8.18e Reloading Strains (Block Ho. 15)
L o a d ( k N ) S t r e s s G1 G2 G3 G4 G5 G6 G7 G8 G9
0 . 84 0 .01 0 . 2 0.7 0.8 1 . 9 1 .2 1.3 1.6 2.5 2 . 3
21. 03 0 .23 0 1 2.8 3.1 2 .1 0.9 2.9 -1.7 1.1
40 .13 0 .45 1.3 1.4 4.1 4 2 .5 1.3 4 . 6 -4.8 -0 . 9
60 .7 0 .67 2.3 1.9 5.7 4.8 3 .5 1.5 5.6 -9.2 -2.7
80. 16 0 .89 3.2 3.3 9.9 5 . 9 4 .6 2.5 7.8 -13 -3.8
99. 98 1 .11 3.9 3.1 15 8.3 5 .7 2 10 -17 -6.1
120 .06 1 .33 4.7 3.8 25 10 .3 4 .2 1.4 11 -23 -8.3
140 .21 1 .56 4.4 4.2 30 10.2 6 . 7 2.1 14 -27 -11
160 .34 1 78 5 . 8 3.7 40 12.1 6 . 8 2.8 16 -33 -14
180 .41 2 6.5 5.8 46 13.4 8 .4 2.9 18 -38 -14
199 .64 2 .22 7.1 7.3 57 13.6 9 .2 3.1 20 -43 -17
220 . 24 2 .45 7.5 7.8 67 15.9 9 . 9 3.9 23 -48 -19
231 .05 2 57 0.2 0.8 0.9 2.3 2.2 2 6 2.7 3. 6 1.1
220 .76 2 45 -1 0.3 3.1 0.2 0.9 2 4 1.2 7. 3 4 . 4
201 .03 2 23 -2 -1 5 -1.9 0.2 1 7 -1 12 .6 7.1
180 . 18 2 -2 -2 6 . 2 -3 0 -3 18 8 9.8
160 .63 1 78 -2 -1 10 -4.5 -2 2 1 -5 23 .9 12.1
140 . 88 1 57 -2 -2 14 -5.3 -2 2 4 -7 29 .2 14.3
120 .93 1 34 -4 -2 20 -6.5 -3 2 2 -9 34 5 16.3
100 . 91 1 12 -4 -3 23 -8.2 -4 0 7 -11 38 3 17.6
80. 83 0 . 9 -5 -4 32 -9 . 5 -6 0 8 -13 44 2 20
60. 15 0 67 -5 -4 44 -10 -6 1 7 -15 48 5 22.6
39. 05 0 43 -5 -5 57 -12 -5 1 2 -17 53 3 24 . 3
18 .59 0 21 -6 -6 62 -12 -6 1 2 -19 56 9 26.3
1. 04 0 01 -8 -6 72 -13 -7 1 6 -20 58 9 27.2
Figure  8.18e R e load in g  of B lo ck  N o.15
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Block No. Stress
Components
Direction cosines Direction Angles 
(Degrees)I m n
3 -0.19 -0.775 0.585 0.241 101.3 140.8 54.1
-2.06 0.589 0.529 0.615 53.9 58.0' 52.0
-2.65(-2.45) 0.23 0.615 -0.754 76.7’ 52.0' 138.9
10 -2.41 (-2-45) -0.649 0.652 -0.393 130.4 49.3L 113.1
1.60 0.455 0.746 0.487 62.9 41.7 60.8'
0.73 0.61 0.137 -0.78 52.4 82.1 141.2
12 -2.21 (-2-20) 0.852 0.473 0.224 31.5, 61.7 77.0
-0.71 -0.47 0.88 -0.068 118.0. 28.3’ 93.8;
-0.11 0.229 0.047 -0.972 76.7 87.3 166.4'
13 -0.62 0.878 -0.174 0.447 28.5 100.0; 63.4
0.51 0.415 -0.195 -0.889 65.4 101.2 152.7
-1.36.(450) 0.241 0.966 -0.097 76.0 14.9' 95.5
15 -0.85. 0.977 -0.023 0.212 12.3 91.3 77.7'
0.34 -0.191 0.348 0.918 101.0 69.6; 23.3.
-2.38 (-2.42) 0.096 0.937 -0.336 84.4. . 20.4- 109.6
Table 8.19 Summary of stresses estimated at maximum applied 
stresses during re-loading of concrete blocks
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Test No Inclusion Type
Estimated Major Stresses From Measurements
Unloading Test Overcoring Test Reloading Test
(Max. 5N/mm2 ) (Max. 2.45 N/mmz ) (Max. 2.45 N/mm?)
B1-1 Epoxy-Tri axial 2.55 3.83 3.09
B1-2 6.93 3.87 3.11
B1-3 3.11 2.62 2.54
B2-1 Mild Steel-Biaxial 3.75 N/A 3.82
B2-2 4.92 N/A 2.51
B2-3 4.38 N/A 2.36
B3-2 Epoxy-Tri axial N/A 3.94 2.65
B4-1 Mild Steel-Biaxial 6.91 N/A 3.13
B4-2 7.25 N/A 3.18
B5-2 EpoxyTriaxial 4.91 2.62 2.49
B5-3 5.42 3.32 2.77
B7-1 Mild Steel-Biaxial 6.99 N/A 3.14
B7-2 4.67 N/A 2.39
B7-3 5.81 N/A 2.82
B9 Concrete-T riaxial N/A 2.51 2.35
B10 Concrete-T riaxial N/A 2.62 2.42
B11 Co ncrete-Tri axial N/A 3.07 2.82
B12 Concrete-T riaxial N/A 2.88 2.51
B13 Co ncrete-Tri axial N/A 2.27 1.98
B14 Concrete-T riaxial N/A 2.49 2.02
B15 Con crete-Tri axi al N/A 1.44 2.38
Table 8.20 Comparison of Estimated Stresses from Tests on Concrete Blocks
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8.5 Overcoring Tests on Concrete Slabs
Overcoring tests were carried out on five concrete slab 
specimens size 1000 x 1000 x 100mm. Triaxial epoxy inclusions 
were used in conjunction with arrays of surface strain gauging 
pattern on and around the core position. The experimental 
arrangement and procedure have been described in Chapter 7. The 
details of the slab specimens are as shown in Table 8.21.
Slab 
Ref. No
Concrete
Properties
Epoxy
Properties Inclusion
Type
Max. 
Applied 
Stress 
{kN/mm )Eo vo e2 v2
1 S1 36.1 0.18 3.45 0.4 Epoxy(Triaxial)
5.00
S2 37.0 0.18 3.45 0.4 Epoxy
(Triaxial)
5.00
1 S3 36.0 0.18 16.0 0.4 Epoxy
(Triaxial)
5.00
S4 38.1 0.18 16.0 0.4 Epoxy
(Triaxial)
Encapsulated
5.00
S 5
30.0 0.15 16.0 0.4 Epoxy
(Triaxial)
Encapsulated
1.50
Table 8.21 Properties of Concrete Slab Specimens
Specimen SI, S2 and S3 were installed with single 
circumferentially instrumented inclusion in each slab. Specimen 
S4 contained three encapsulated strain-gauged unit equally spaced 
along the section while specimen S5 contained single strain- 
gauged unit. All the inclusions were bonded with epoxy inside the 
pilot holes. The drilling of the pilot hole was carried out under 
loading and still maintaining the applied load, the inclusions 
were installed. Overcoring was performed the next day when the 
epoxy has been sufficiently cured. Any partial stress release due 
to hole-drilling was recorded to take account in the total 
release.
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8.5.1 Strain and Stress Measurements
The resulting strains recorded after overcoring of each slab 
specimen are as shown in Table 8.22. Incremental overcoring could 
not be carried out on specimens SI, S2 and S3 due to technical 
problems. However, the pre-overcoring and post-overcoring strains 
recorded for these slabs were used in the calculation for 
determining the components of the stress tensors.
Slab ez(0) e45(0) £0 ( 0 ) ez(90) e45(90) £0(90) £z{135) e45(135) £0(135)
SI -95 5 -10 -115 -40 40 -105 -100 60
S2 -115 -15 -10 -140 -60 25 -110 -95 85
S3 -105 10 -15 -120 -35 45 -100 -100 50
el e2 e3 e4 e5 e6 €7 £8 £9 £ 10
S4-1 -65 -114 -17 -36 21 -10 -91 35 -67 -12
S4-2 -35 -62 -20 -35 -5 -66 -70 40 -125 -5
S4-3 -30 -33 -13 -46 -16 -54 -124 55 -129 29
S5 -65 -49 -41 -34 -28 -42 -97 35 -62 55
Table 8.22 Resulting strains recorded after overcoring
The surface strains were measured by arrays of vibrating 
wire gauges around the core position. The partial strain relief 
due to pilot hole drilling prior to overcoring were also recorded 
to assess its effect on the total stress relief. The principal 
strains and stresses calculated from hole-drilling and overcoring 
are shown in Table 8.23. The maximum estimated stress released 
during overcoring is about 1.42 N/mm .
The summary of the magnitude and direction cosines of the 
calculated principal stresses for each slab is as shown in Table 
8.24. It is observed that in general the stresses estimated from 
overcoring the instrumented triaxial inclusions are lower than 
the applied stresses on the slabs. The typical calculations for 
slab specimens S2 and S4-3 are shown in Appendix D.
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Table 8.23 Estimated Principal Strains and Stresses from VW  Gauges (Slab S5)
Depth (mm) V1 V2 V3 V4 V5 V6 V7 V8 V9 V I0 V11 V I2 V I3 V I4 V15 VI
25 -0.9 0.6 4. 8 9 48 7.8 3.6 1.2 5.1 5.4 -2.1 2.4 -3 -2.4 0 O.c
50 0.6 2.7 9.9 16 2 6 14.7 10.8 1.2 18 -0.3 -0.9 -3.9 -4.8 -4.8 -2.1 -0!
75 0.9 2 .4 9.9 19.2 8.1 18.6 13.2 1.5 1.2 -1.5 -3.9 -6.3 -5.7 -6.6 -3 -1.!
100 0.9 2 5 9.6 20.4 12 18 9 13.2 1.5 7.2 0 1.5 -1.2 3.9 -3
OGO
e1 e2 e3 e4 S e1-e3 e4-e2 r Angle Strain-1 Strain-2 Sigma-1 Sigma-2
25 1.5 1.6 2.6 4.5 2.55 -1.1 2.9 1.5508 -34 6139 4 10080624 0.99919376 0.13049604 0.049559461
50 0 9 3.1 4.4 3.1 2.875 -3.5 0 1.75 0 4.625 1.125 0.14716813 0.055835625
75 1.1 3.3 4 3.1 2.875 -2.9 -0.2 1.4534 1.97259 4.32844419 1.42155581 0.1394295 0.063574249
100 6 5.2 5.6 4.7 5.375 0.4 -0.5 0.3202 -25.6701 5.69515621 5.05484379 0.19811885 0.181409899
Depth (mm) V1 V2 V3 V4 V5 V6 V7 V8 V9 V I0 V11 V I2 V13 V I4 V15 V1
25 -6.6 -25 -30 -7.5 -62.1 -32.4 -15.3 -7.2 1.5 1.2 0.9 -6.3 -12 -16.5 11.7 -4.!
50 5.1 -23 -35 -5.4 -50.7 -12.3 -16.2 0.6 0.3 -3.3 -3 -11.7 -17.1 -22.5 12.9 -9
75 37.8 -65 -61 -18.9 -47.1 -32.4 -41.1 -20 4 -22.5 -28.8 -345 -36.6 -33.3 -40.8 -7.8 -31
100 39 6 3 -5.4 39.3 -29.4 29.1 -0.3 25.2 -2.7 -20.1 -399 -20.1 27.3 -31.8 -9 -26
e1 e2 e3 e4 S e1-e3 e4-e2 r Angle Strain-1 Strain-2 Sigma-1 Sigma-2
25 -19.8 -17 -8.2 -7.5 -13.13 -11.6 9.5 7 4968 -19.6581 -5.6281673 -20.621833 -0.2677483 -0.659007973
50 -15.6 -14 -10 -7.7 -11.93 -5.2 6.3 4.0844 -25.2319 -7.8405784 -16 009422 -0.3144291 -0.527595107
75 -35.2 -41 -36 -27.2 -3493 0.9 14 7.0144 43.1609 -27.910551 -41.939449 -1.0499851 -1 416069181
100 8.7 -8 6 -14 3.2 -2.6 22.4 11.8 12 659 13 8898 10 0589889 -15.258989 0.23854332 -0 422129315
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Table 8.24 Stresses Estimated from Overcoring Test on Slabs
Slab No. Applied
Stress
Estimated Stresses Direction Cosines
Sigma-1 Sigma-2 Sigma-3
0.007 0.634 -0.773
S1 -5.00 -4.22 -0.58 0.39 -0.299 0.739 0.604
(-5-00) (0.00) (0.00) 0.954 0.226 0.195
0.024 0.686 -0.727
S2 -5.00 -4.94 -1.36 0.51 -0.25 0.708 0.66
(5 -00) (o.oo) (0-00) 0.968 0.166 0.189
0.02 0.652 -0.758
S3 -5.00 -4.81 -1.42 0.04 0.406 0.688 0.602
(-5.00) (0.00) (0.00) -0.914 0.319 0.251
0.125 0.293 0.948
S4-1 -5.00 -3.34 -1.15 -0.19 -0.054 0.956 -0.289
(-5-00) (0-00) (0-00) -0.991 -0.015 0.136
0.05 0.453 -0.89
S4-2 -5.00 -4.01 -1.42 -0.06 -0.044 0.891 0.451
-0.998 -0.015 -0.065
0 0.474 -0.881
S4-3 -5.00 -4.81 -0.32 0.88 0.057 0.879 0.473
0.998 -0.05 -0.028
0.009 0.301 0.953
S5 -1.50 -2.10 0.77 1.14 0.016 -0.953 0.301
(-1-50) (0-00) (0.00) -1 -0.012 0.013
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8.6 Summary
Results of calibration experiments on concrete blocks (300mm 
cubes) and slabs (1m square, 100mm thick) specimens have been 
presented. The tests carried out on block specimens include the 
unloading tests to simulate overcoring; the overcoring tests and 
reloading tests to simulate the reloading system of stress relief 
cores. The results have also been discussed in the respective 
sections.
Sixteen concrete blocks have been tested, three of which 
used with biaxial mild steel inclusions, five with triaxial epoxy 
inclusions and the rest were instrumented with concrete 
inclusions from the small core previously obtained. The blocks 
were subject to stresses in the range of 2.45 to 5.00 N/mm . Five 
slabs were tested using triaxial epoxy inclusions; two of which
employed the encapsulated strain-gauged units for comparison, the2slabs were overcored under 5.00 N/mm of applied stress.
Within the limits of experimental errors, the following 
general observations can be made from the experimental work :
i) The biaxial and triaxial instrumentation used on 
cylindrical inclusions are capable of measuring stresses in 
bi-dimensional and tri-dimensional measurements 
respectively. The results generally shows the applicability 
of the analysis used to convert the measured strains into 
stresses.
ii) In tri-dimensional measurements in concrete blocks, 
intermediate components of stresses are obtained and in 
some cases are quite significant. This is associated not 
only with the experimental errors but also the difficulty 
in obtaining a homogeneous stress field in the blocks under 
compression. In blocks overcoring tests, a stable upper
level is difficult to achieve in most cases which may be✓due to size of specimen and erros associated with edge- 
effects, incomplete bonding and bad drilling. Errors due to 
incomplete bonding may be detected from the presence of 
high axial strains.
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iii) In blocks where multiple inclusions are employed across the 
section, different magnitudes of the stresses are obtained 
form each individual inclusion. The estimated stresses 
obtained from centrally located inclusion are closer to the 
applied values. The effect of hole-drilling of the pilot 
holes is assessed by measuring the strain relief using 
arrays of surface gauging on and around the core position. 
Any partial relief due to hole-drilling must be taken into 
account in assessing the total release.
iv) The maximum principal stress components obatined from the 
reloading tests on block specimens are comparable with the 
applied values. This indicates that it is quite feasible to 
extrapolate the 're-loading' strains from stress relief 
cores to 're-establish' the original strain readings in the 
gauges.
v) The use of small concrete core obtained from pilot hole-
drilling as inclusion provides an advantage in site
overcoring tests. An inclusion of identical properties is
ip*reinstated back into the parent medium giving a macthing of 
modulus. This minimises the need for the measurement of 
material properties. However, further tests are required to 
improve the performance of the concrete inclusion.
v i ) The stresses obtained from overcoring tests on slabs are 
comparatively closer to applied values. The size of the 
slabs so chosen minimises the edge effects on the strain 
pattern during overcoring.
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9.1 Introduction
During the course of the study, field trials were conducted 
on three concrete bridges and these had provided a means of 
checking the field application of the proposed technique for 
stress measurement. One of the field trials was on the reinforced 
concrete arch bridge in Guildford carried out jointly with 
Gifford and Partners. This had provided an opportunity for 
comparing the results with surface measurement technique and 
internal jacking method. The other two field trials were carried 
out in conjunction with bridge testing research programmme 
conducted by SDAR (Structural Design and Appraisal Research) 
Group based at Faculty of Civil Engineering, Universiti Teknologi 
Malaysia. The 3-month field testing programme in Malaysia was
part of the research programme jointly arranged with University 
of Surrey and was funded by the SDAR Group. This chapter presents 
the instrumentation work and results of the stress measurements 
using the proposed technique applied in conjunction with surface 
strain gauging technique.
9.2 Adaptation for Field Measurement
A few additional aspects have to be considered for the field 
application of the stress measurement technique by means of 
overcoring an instrumented inclusion. These are as follows :
a) The method of inclusion installation on site must be 
reasonably cheap, easy and not time consuming;
b) Management of personnels, equipment and the drilling 
operation must be considered;
c) Safety measures during testing operation;
d) Preliminary site investigation for visual inspection, 
condition survey, checking acessibility and choice of 
test area;
FIELD APPLICATION OF PROPOSED INCLUSION TECHNIQUE
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e) Availability of design details and construction 
drawings etc. Past records of concrete laboratory 
testing and results of any previous structural testing 
on the bridge such as coring, NDT tests etc. are 
useful.
9.3 Test on Existing Concrete Arch Bridge
9.3.1 Background
The A25 Woodbridge Old bridge in Guildford was reported to 
be in bad structural condition following a structural 
investigation and inspection by the Surrey County Council. The 
75-year old single-span arch bridge was reported to suffer from 
serious spalling on soffits of slab and in beams as well as 
cracking at various locations with evidences of leaching and 
water seepage on soffits. Visual inspection revealed that exposed 
reinforcement steel and links in affected area were found to be 
corroded.
The bridge was identified by the authority as 
requiring extensive refurbishment and strengthening to 
ensure that it maintained its load carrying capacity. 
During the strengthening works, an ideal opportunity 
presented itself for the investigation of the in-situ 
stresses in the reinforced concrete beams or ribs. These 
stresses were mainly caused by self-weight and the upper 
imposed dead load from the fill material above the arch.
The main objectives for the testing work on the bridge 
were as follows :
i) Determination of the pattern of surface strains 
released after coring.
ii) Assessment of the modulus of elasticity for the 
concrete at various locations using the in situ 
jacking technique and re-loading of the relief cores.
iii) Estimation of the magnitude and orientation of the 
principal stresses in the concrete at the coring 
positions.
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9.3.2 Location and Description of The Structure
The Woodbridge Old bridge carries the A25 road over the 
River Wey and joins the A3 bypass on the western side of 
Guildford (Figure 9.1). The bridge has a single span of about 21m 
and a total width of 13m with a slightly skewed configuration on 
plan. It carries a dual one-way carriageway with a clear width 
of 8.59m and footways of 2.0m and 1.6m as shown in Figure 9.2. 
After the strengthening work the width of the traffic lane would 
be reduced to 8.05m with footways of 2.50m and 2.00m wide. Plate 
9a shows a general view of the bridge.
Nine longitudinal arch beams or ’ribs' 302mm in width 
support the concrete slab of 229mm thickness; the seven internal 
ribs are spaced at 1524mm intervals while the two outer ones are 
at 1828mm from the nearest internal ones (Figure 9.3a). The depth 
of the ribs varies in slightly curved manner having a minimum 
depth at midspan of 381mm measured from the soffit. Transverse 
beams measuring 254mm wide and 305mm deep are spaced at 3048mm 
centre to centre at various distances from the soffit (Figure 
9.3b). The general view of the beams is as shown in Plate 9b. In 
cross-section, the reinforcement comprises of 'rib' and ’Kahn’ 
bars with 'fins’ bent up to form additional shear reinforcement 
as shown in Figure 9.3c. It was anticipated from the beginning 
that during coring operation it was likely that the fins steel 
would be hit.
9.3.3 Scope of Work and Methodology
In order to assess the dead load effects caused by the 
weight of the infill material on the concrete arch, it was 
decided by the investigating team that stresses should be 
determined at each end of two of the ribs of the arch. Of the 
nine ribs, the second and fourth beams from the eastern edge of 
the bridge were selected for instrumentation work. The South end 
of Beam No.2 and the North end of Beam N o .4 were chosen for the 
removal of 50mm cores for pilot holes.
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Figure 9.2 Plan and South elevation of the A25 Woodbridge Old
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Figure 9.3a Typical cross-section of the bridge before 
the strengthening work* (A~A)
Figure 9.3b Longitudinal section of the bridge shoeing 
the location of transverse beaars.(B-B)
Figure 9.3c of reinforceaent fro* the 
longitudinal section showing position of 
existing rib* bars, Kahn reinforcing 
bars, links and 'fins* shear steel.
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Plate 9a General photographic view of the reinforced concrete 
arch bridge
Plate 9b General view of the concrete arch structure
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Triaxial rigid instrumented inclusions were inserted and 
bonded into the pilot holes and subsequently overcored using a 
150mm core bit (relief cores designated as Core 2S and Core AN). 
As a cross check, plain instrumented 150mm cores were removed 
from the opposite ends of the same beams (Core 2N and Core AS) 
and a relief technique using in-situ jacking was used to 
determine the in-situ stresses. In addition, a live loading test 
carried by other investigators provided opportunity for strain 
measurements in the internal beams during and after the 
application of a HB vehicle.
The programme of work for the site instrumentation and 
coring operation on the bridge was as follows :
Monday 30 July 1990 Visual inspection for condition 
survey and selection of test 
area.
Measurement of strains at three 
locations in internal beams to 
investigate the effects of the HB 
vehicle load.
Wednesday 1 August 1990
Friday 3 August 1990
Saturday A August 1990
Tuesday 7 August 1990
Wednesday 8 August 1990
Instrumentation of A No. 150m 
core positions (including 2 No. 
50mm holes for the inclusion 
technique).
Datum readings and instrumented 
coring of 2 No. 150mm holes and 2 
No. 50mm pilot holes.
Installation of instrumented 
triaxial inclusions at 2 No. 50mm 
pilot hole locations.
Overcoring of inclusions in 2 No. 
50mm holes using 150mm core bit.
Jacking test in 2 N o . 150mm holes 
drilled on 3rd. August.
Jacking test in 2 No. 150mm holes 
drilled on 7th. August.
The relief cores recovered from the drilling were kept in 
plastic bags to maintain the moisture and brought to the 
laboratory for further material testing. Some observations were 
made from a visual inspection on the bridge with regards to the 
extent of concrete deterioration in beams and slabs which would 
likely to affect the stress level. These are shown in Plate 9c-l,
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Plate 9c-2 and Plate 9c-3. Any spalling and debonding of concrete 
might caused the maximum re-bar stresses to be transferred to the 
unspalled zone and this would cause some effect on the stress 
distribution in the beams. The general locations of cracking and 
spalling observed on the bridge are as shown in Figure 9.3d.
9.3.4 Details of Instrumentation and Measurements
9.3.4.1 Test Procedure
The assessment of the in-situ concrete stresses was based 
upon the release of strains which occurred during the removal of 
150mm diameter cores and during overcoring of the instrumented 
inclusions. Arrays of strain gauges were attached to concrete 
surface around the coring positions and it was necessary to 
precisely locate the coring bit within the array. The testing 
work was designed to provide three independent measurements of 
the strain conditions and the value of theYoung1 s modulus at each 
of the coring positions. As concrete can be subject to 
microcracking and other defects, it is therefore necessary to 
ensure that a degree of redundancy is built into the testing 
system. This was achieved on site by applying various strain 
gauging patterns to the test area.
The same 150mm diameter core bit was used to overcore the
instrumented inclusions installed at the centre of coring 
positions at selected points in the beams. The recorded pre- and 
post-overcoring strains measured by the inclusions were used to 
predict the in-situ stresses. The stages involved in the 
overcoring tests on site are as follows :
Step 1 Instrumentation at the proposed core positions
with a combination of arrays of surface mounted
vibrating wire and Demec gauges for surface 
measurements. Datum strain readings recorded.
Step 2 Drilling of 50mm diameter pilot hole and 
measurement of partial stress relief from the 
surface gauges.
Step 3 Installation of instrumented inclusion meter into
pilot hole and grouting with epoxy for bonding.
The strain readings were monitored to check any
effects of glue setting.
Step 4 Overcoring of the inclusion meter using 150mm
diameter bit and measurement of strain relief for 
estimating the in-situ stress field.
Page 233
Plate 9c-l
The extent of spalling in 
the soffit of slab showing 
corroded transverse steel 
probably due to lack of 
cover
Plate 9c-2
Spalling on the soffit of 
one of the internal beam. 
Exposed bottom steel (Kahn 
bars), rib bars and links 
are corroded
Plate 9c-3
Another spalied area in 
internal beam showing 
bottom steel, links and 
diagonal 'fins* in corroded 
condition
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Figure 9.3d Location and extent of cracks and spalling in the 
bridge structure.
Page 235
Chapter 9 Field Application of Proposed Technique
9.3.4.2 Instrumentation of Concrete Cores
The standard 150mm diameter core bit was used for 
coring tests and overcoring of the triaxial inclusions. A 
covermeter survey was carried out at the coring positions 
on the beams and the cores were positioned so as to avoid 
the reinforcement. The cores were instrumented with an 
array of 100mm long Demec gauges which were used to measure 
the strain release that occurred after coring. In addition, 
an array of 200mm long Demec gauges was also placed across 
the holes and a rosette of eight 140mm gauge length 
vibrating wire strain gauges was placed around the hole. 
These 'undercoring' gauges were used to measure the way in 
which the hole distorted during and after coring. The 
detail of the gauging pattern is as shown in Plate 9d.
A circumferentially-instrumented triaxial inclusion was 
used in the Core 2S while an encapsulated type was used in 
the Core 4N. Both types of inclusions were 150mm long and 
40mm in diameter. The location and the orientation of the 
inclusions in the beams tested is as shown in Figure (9.4). 
The use of two different types of triaxial instruments 
provided a means for comparing the measured stresses. The 
inclusions were bonded using crack injection epoxy resin 
which was left to cure overnight. Strain readings in the 
gauges before and after the glue hardened were recorded to 
check the effects of glue setting. This was found to be 
insignificant. The inclusions were overcored by 150mm 
diameter bit and strains before, during and after 
overcoring were recorded by a Peekel strain instrument.
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Plate 9d Typical surface gauging pattern on beam.
TYPICAL POSITION OF 
CORE INSTRUMENTATION
Pattern of surface strain 
gauging
Triaxial inclusion used at 
core position Beam 2S
Encapsulated strain-gauged unit 
at core position Beam 4N
Figure 9.4 Type and location of triaxial inclusions 
used at core positions in bridge beams
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9.3.4.3 Incremental Coring-Overcoring for Stress Relief
The strain release which occurred during coring could 
give an indication of the secondary stress conditions in 
the structure. Readings were taken at intervals of 25mm 
during coring of 150mm cores to measure the strains 
released and the variation in temperature. This provided a 
means of correlating the stresses obtained after completing 
the core with those estimated during the coring process.
Incremental overcoring was also performed on Core 2S 
to obtain the plot of strain released with the overcoring 
distances. The evolution curve obtained could provide 
useful information regarding the strain release pattern 
across the section and a diagnostic for the particular 
overcoring test. Any anomalies due to faulty gauges, 
debonding or yielding of the epoxy glue could be detected 
from the plot. The pilot hole at position 2S was drilled 
through the whole width of the beam thus allowing wires 
from the gauges to be compiled and made to come out from 
the end. At core position 4N, only a blind hole was drilled 
and incremental overcoring was not carried out. However, 
strain readings before and after overcoring were used to 
estimate the in-situ stresses. The coring equipment used 
was bolted to the beam next to the instrumented position as 
shown in Plate 9e-l (drilling of pilot hole) and Plate 9e-2 
(overcoring the inclusion).
The heated drilling water caused some temperature 
changes during overcoring and this had to be taken into 
account. Since the steel wire in the vibrating wire gauges 
reacted to these changes more quickly than the concrete, 
differential temperature changes occurred and it was 
necessary to monitor the temperature at each reading. This 
would allow corrections to be made in the analysis. The 
drilling water also affected the strain release pattern as 
the concrete surface was soaked. Consequently, strain 
readings were taken during and after coring then at 
intervals up to 24 hours after coring to investigate the 
time-dependent effects.
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Plate 9e-l
Scene of pilot hole drilling in longitudinal beam (Beam 4N)
Plate 9e-2
The instrumented inclusion after installation inside the 
pilot hole.
Page 239
Chapter 9 Field Application of Proposed Technique
Plate 9e-3
Scene of overcoring of the instrumented inlusion using a 
standard 150mm diameter core bit.
Plate 9e-4
Typical scene of the measurement of strains during 
overcoring operation.
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9.3.4.4 Tests for Elastic Constants
The prediction of stresses from measured strains in the 
coring and overcoring technique requires that the elastic 
properties of the concrete to be known. In the case of the 
latter, the properties of the inclusion need also be known. The 
laboratory fabrication of the inclusions allowed their elastic 
properties to be determined beforehand. For the concrete, the 
following methods were used to estimate the elastic properties:
i) In-situ jacking test method (Mehrkar-Asl,1990) which 
involved inserting a hand-operated hydraulic jacking system 
into the core hole after coring. The jacking tests use the 
application of load to the periphery of the remaining hole 
to assess the strain response of the material and hence the 
in-plane elastic constants. The strain response was 
measured by the vibrating wire gauges around the core hole.
ii) Ultrasonic pulse measurements taken on site near core 
positions provide estimates of Young's moduli in 
longitudinal direction.
iii) Re-loading of the relief cores containing the inclusions to 
re-establish original strains using the octagon method 
described in Chapter 6. Properties in the release direction 
can be estimated.
iv) Conventional compression test of plain cores for 
determining the moduli in longitudinal direction.
9.3.5 Analysis of Results
The results of the instrumented coring tests were analysed 
by Gifford and Partners team and made available for comparison 
purposes. It also formed part of the combined report submitted 
to Surrey County Council by the Civil Engineering Department of 
Surrey University. The analysis of the results from the 
instrumented inclusion technique were based on the method 
described in Chapter 8. Calibration coefficients were used in the 
interpretation of the in-situ strain measurements and prediction 
of the stresses.
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9.3.5.1 Strain Measurements
The surface measurements of strains after the release of 
stresses caused by drilling the 150mm diameter holes indicated 
the existence of tensile stresses at each coring position. The 
tensile overcoring strains measured at Core AN using the 
enscapsulated strain-gauged unit are shown in Table 9.1. The 
incremental overcoring strains measured by the triaxial 
instrumented inclusion at Core 2S are as shown in Table 9.2 and 
the corresponding evolution curve is shown in Figure 9.5.
e l e2 e3 e4 e5 e6 67 e8 e9 e lO
3 0 5 142 26 53 26 32 32 26 37 184
Table 9.1 Gauge output at Test Location Core 4N
The actual measured strains at Core 4N were tensile. The 
evolution curve at Core 2S also showed dominantly tensile strain 
release. The plot contained some of the typical overcoring 
characteristics: the axial strains were grouped together and were 
the most dominant strains. A slightly unstable upper level 
strains after the gauged area indicated the probable influence 
of temperature and imperfect bonding. There might have been some 
gaps between the inclusion and concrete.
9.3.5.2 Assessment of Material Properties
The sample of the epoxy was fabricated during the casting 
of the inclusion and tested for material properties to BS 6319 
during the overcoring programme. The concrete moduli were 
estimated from the in-situ jacking test, pulse velocity using the 
PUNDIT (BS 1881 : Part 203), octagon re-loading of the relief 
core and conventional compression modulus test (BS 1881 : Part 
121). The PUNDIT measurements are shown in Table 9.3. A 
regression plot for strains from core compression test is shown 
in Figure 9.6. The strains from the octagon re-loading test 
results are as shown in Table 9.4 and the corresponding load- 
strain curve shown in Figure 9.7.
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Table 9.2 Overcoring strains at test location Core 2S (Beam 2 South)
■ £ - . ?>• T, Kg? TTT^ '^ r Et-stsm si
o 0 0 0 0 0 0 0 0 0
25 10 10 16 16 0 11 0 11 26
50 5 10 16 5 0 11 0 11 31
75 4 16 16 11 26 11 0 16 31
100 0 21 21 11 21 21 5 21 42
125 5 16 21 16 10 21 5 16 36
150 -10 16 21 16 16 21 5 16 42
175 -10 16 26 16 15 26 11 21 57
200 -20 10 26 16 11 26 11 31 63
225 -42 10 37 10 10 26 11 36 73
250 -44 10 42 11 10 31 16 42 78
275 -47 10 48 16 15 32 21 47 79
300 -43 15 51 21 15 38 27 53 85
Gauge Output at Test Location Core 2S
Overcored Distances (mm)
Figure 9.5 Evolution curve from overcored inclusion in Beam 2 South (Core 2S)
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Core
Position
Average
thickness
(mm)
PUNDIT
Readout
(p-sec)
Pulse
Velocity
(km/sec)
Estimated Modulus 
(kN/mm2)
E-dynamic E-static
Beam 2 
South
325 81.1 4.01 28.5 18.5
Beam 4 
North
326 81.5 4.00 29.0 18.0
Table 9.3 Estimated concrete modulus from pulse ultrasonic 
measurements at core positions.
Applied Microstrains Best fit 
ValuesStress Demec e.r.s gauge Average
0 0 0 0 0
0.31 16.8 14 7 15.75 13.104987
062 286 19.2 239 26.209974
0.93 323 285 30.4 39.314961
1.25 40.6 39.5 40.05 52.84269
1.56 58.8 53.4 561 65.947677
1.87 68.9 64.6 66.75 79 052664
2.18 73.2 68.4 70.8 92 157651
249 87.4 856 86.5 105 262642£ 91.5 88.8 90.15 118.36763
3.11 127.4 121.3 124.35 131.47261
343 148.3 133 5 140 9 145.00034
374 160.5 157 5 159 158.10533
4.05 179.3 167.3 173.3 171.21032
4.36 194.2 190.1 192.15 184.3153
4.67 2153 206.8 211.05 197.42029
4.98 227.2 217.5 22235 210.52528
529 248.7 2376 243.15 223 63026
Figure 9.6 Strains from core compression test (Estimated E-modulus
of 23.7kN/mm2)
----- ■— Demec
-----a — e.r.s gauge
-— '♦— Average
------o— Best fit
Stress
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Table 9.4 Measured and best fit strains from octagon re-loading test.
MEASURED STRAINS
Load (kN) D em ec1 e.r.s 1 Demec 2 e.r.s 2 Demec 3 e.r.s 3
0 0 0 0 0 0 0
10 -36.2 -26.5 12.1 13.3 -10.7 -7.9
20 -64.4 -61 24.4 19.4 -29.5 -18.6
30 -92.6 -95.4 26.9 33.6 -37.6 -26.5
40 -118.8 -127.2 32.2 44.2 -59 -34.5
50 -153 -153.7 35.8 58.3 -69.8 -39.8
60 -191.2 -185.5 38.7 76 -91.2 -55.7
70 -221.4 -209.4 55.3 88.3 -112.7 -63.6
80 -255.6 -241.2 72.5 102.5 -123.4 -71.6
LEAST SQUARES VALUES
Load (kN) D em ec1 e.r.s 1 Demec 2 e.r.s 2 Demec 3 e.r.s 3
0 0.222222 -0.82444 2.626667 -3.12667 4.357778 0.71111
10 -31.3111 -31.1711 10.245 9.755 -11.5622 -8.30556
20 -62.8444 -61.5178 17.86333 22.63667 -27.4822 -17.3222
30 -94.3778 -91.8644 25.48167 35.51833 -43.4022 -26.3389
40 -125.911 -122.211 33.1 48.4 -59.3222 -35.3556
50 -157.444 -152.558 40.71833 61.28167 -75.2422 -44.3722
60 -188.978 -182.904 48.33667 74.16333 -91.1622 -53.3889
70 -220.511 -213.251 55.955 87.045 -107.082 -62.4056
80 -252.044 -243.598 63.57333 99.92667 -123.002 -71.4222
Figure 9.7 Least S quares P lo t of Load-S tra in  D a ta  (Octagon 
R e-Load ing  T es t)
----- ■— Demec(Long.)
----- □— e.r.s (Long.)
--- *— Demec(Trans.)
- — 0— e.r.s (Trans.)
----- *— Demec (45deg)
----- £— e.r.s (45 deg)
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The load-strain data from the jacking test at each 
core hole was processed using the least squares method and 
an average value was calculated from the test in all 
directions. Both the Demec and electrical resistance strain 
gauges were used in the conventional core compression test 
for comparison. The difference between the two was 
reasonably small. However, the different methods used for 
the estimation of the concrete modulus yielded rather 
different results which are summarised in Table 9.5.
Core Position 2Estimated Young’s modulus (kN/mm )
In-situ 
jacking test
Octagon re­
loading test
Pulse
velocity
Core
compression
Beam
2
North 25.0 N/A N/A N/A
South 23.5 30.7 19.0 23.7
Beam
4
North 23.5 30.7 18.5 23.7
South 26.5 N/A N/A N/A
Table 9.5 Estimates for the concrete modulus by various methods
c) Assessment of Concrete Stresses
The concrete stresses were deduced from the surface 
strain measurements recorded on the cores, across and 
around the holes and from the overcored inclusion. In the 
assessment of the concrete stresses, it is important to 
consider the effect of locked-in stresses which were also 
released in the coring operation and hence affected the 
measured strains. Estimates of the concrete stresses 
corresponding to various drilling depths provided useful 
guidance on the total stress relief. The results of 
incremental coring showed that there were tensile releases 
of stresses on both principal directions as measured by 
surface gauging. The stresses estimated at each gauging 
position are shown in Table 9.6.
In the case of the instrumented inclusion, the 
overcoring might not produce total relief and some stresses 
might be retained in the inclusion and the overcored
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annulus. Therefore it was found necessary to monitor the 
strain readings in the relief cores for 24 hours.
d) Prediction of In-situ Stresses
The results from the various surface gauging positions 
showed that the levels of in-situ stresses were fairly 
small in this particular case. Table 9.6 shows the stresses 
estimated at each of the surface gauging positions. The 
results indicated that the principal stresses were primarily 
in the horizontal and vertical directions. This tends to 
suggest that the bridge deck was not behaving as a true 
arch but rather as a beam and slab type structure.
An estimate of the in-situ stresses was provided by 
the average of the results obtained from each surface 
strain gauging position. For the case of overcored 
instrumented inclusion, the partial relief from the 
drilling of the pilot hole was considered in the total 
relief. The summary of the in-situ stresses predicted at 
each test area from both methods is as shown in Table 9.7.
Gauging Position . Core
Size
(mm)
E-Modulus* 
(kN/mm )
2Principal Stresses (N/mm } Angle of major 
from vertical 
(degrees)Major Stress Minor Stress
Bean 2 Pilot 50 23.5 -1.03 -3.51 92.5
South Core 150 -0.81 -1.17 13.3
Hole 150 -0.30 -0.74 90.0
Rosette 150 -1.63 -1.79 -15.5
INCLUSION 150 2.38 -0.79 84.4
Beam 2 Hole 150 25.0 -3.07 -3.24 9.2
North Rosette 150 2.29 1.89 2.6
Beam 4 Core 150 26.5 3.71 -0.42 6.4
South Hole 150 -3.14 -3.39 31.7
Rosette 150 1.97 -1.16 -2.9
Beam 4 Hole 50 23.5 1.73 -0.33 5.7
North Core 150 0.56 -0.91 45.0
Hole 150 0.01 -0.70 53.0
Rosette 150 0.28 -0.27 89.0
INCLUSION 150 -0.62 -2.71 77.8
Table 9.6 Summary of stresses at each instrumentation position 
(* E-values estimated from in-situ jacking test on 
core holes by Dr. Merkhar-Asl)
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Gauging
Position
Estinated in-situ stresses
N/m2 Surface Gauging Overcored Inclusion
Beau 2 South End Major -1.0 -0.68
Minor -2.2 -2.15
North End Major -0.4 N/AMinor -0.7 N/A
Beau 4 South End Major 1.6 N/A
Minor -1.4 N/A
North End Major 0.4 0.56Minor -0.7 -1.52
Table 9.7 Summary of estimated in-situ stresses in Beam 2 and 4 
from surface gauging and overcoring measurements.
The in-situ stresses on the northern side of the 
bridge were about 2-3 times lower than those in the 
southern end. This difference may have been influenced by 
the removal of fill material from the western half of the 
bridge. The stresses in beam 4 in particular, were affected 
by this removal shown in Plate 9f.
Plate 9f Removal of fill material from above the arch on the 
western side of the bridge. (Longitudinal and 
transverse ribs are clearly visible).
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9.4 Second Field Trials on Existing Bridges
9.4.1 Background
A bridge testing programme organised by the SDAR (Structural 
Design and Appraisal Research) Group based at Universiti 
Teknologi Malaysia had provided an opportunity for another field 
trial using the inclusion technique. Two concrete bridges were 
selected for the stress measurement carried out in conjunction 
with other diversified range of tests conducted by the research 
group. The field trials and the associated laboratory work formed 
part of a three-month field work programme during the course of 
the research.
The two concrete bridges tested were among a stock of 
bridges which were undergoing a national monitoring and 
rehabilitation programme by the Malaysian Public Works Department 
along Route N o .5. Some of these were identified by the authority 
as requiring demolition and re-construction while others 
requiring strengthening and repair. The testing programe 
conducted by SDAR Group with the permission of the Public Works 
Department was directed towards obtaining data for research 
interest only. Various types of non-destructive tests for 
material and strength properties were performed by independent 
investigators and the use of instrumented inclusion technique was 
to provide supplementary information on the estimates of the 
stress level in the concrete. This section only presents the 
details and results of the overcoring tests for stress 
measurements using the inclusion technique.
9.4.2 Description of the Bridges
a) The Peserai Bridge
The Peserai bridge is located near the Batu Pahat district 
town in the State of Johor and carries a 7.32m wide two-way 
carriageway on Route FT 005. It is a three-span reinforced 
concrete bridge of beam and slab type having spans of 9.45m, 
11.5m and 9.45m with right configuration on plan. The bridge was 
built in 1965 and spans across a small navigable river. The
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internal piers which are supported by rectangular reinforced 
concrete piles are submerged in water. The seven longitudinal 
beams of different widths support the slab carrying the 7.32m 
carriageway with 1.5m footway and 2.45m cyclepath on both sides. 
The internal width between the steel parapet is about 16.70m and 
no approach slab was observed. The bridge also carries 300mm 
diameter watermain pipes on each side. There was no bearing or 
any expansion joint provided. The details of the bridge based 
upon site measurements are as shown in Figure 9.8a and 9.8b. The 
general photographic view of the Peserai bridge is shown in Plate 
9g. The general condition of the bridge from a visual inspection 
was found to be good except for the reinforced concrete piles. 
The rating {l=good condition, 5=bad condition) given to the 
bridge parts during a condition survey is shown in Table 9.8.
BRIDGE REF.NO: 129/6 ROUTE : FT 005 LOCATION : B.Pahat
Bridge Parts/Elements Material/Type Rating (1-5)
Foundation (Abutment) Reinforced concrete piles 4
Abutment walls Reinforced concrete 2
Pier Rectangular r.c. piles 3
Bearings - none - N/A
Beam/Girder Rectangular r.c. beam 1
Deck system Reinforced concrete slab 1
Surfacing Bituminous 3
Expansion joints - none - N/A
Parapet/Railings Steel parapet 2
Approach slab - none - N/A
Slope/Scour protection - none - N/A
Table 9.8 Condition survey of Peserai concrete bridge
b ) The S.S. Buava Bridge
The S.S. Buaya bridge is located near the district town of 
Muar in the same state of Johor along the Route FT 005. This 
seven-span bridge was built in 1955 comprising of six reinforced 
concrete longitudinal beams. The beams are slightly haunched at 
the supports with maximum depths of 660mm and minimum of 480mm 
from soffit. The 46m long bridge carries a 6.1m clear width of 
rural carriageway with 1.84m wide footways on each side and spans
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across a non-navigable estuarine river subject to tidal 
fluctuation in water level. The bridge is supported by 6 Nos. 
340mm x 340mm reinforced concrete piles across the width with 8 
piers along the entire span. The 6 internal piers are submerged 
in water. The design is rather peculiar having span lengths of 
9.04m, 3.23m, 8.80m, 3.23m, 8.80m, 3.23m and 9.70m with 3
intermediate suspended spans. The bridge does not carry any 
services. The measured dimensions of the bridge are shown in 
Figure 9.9a and 9.9b and the photographic view is shown in Plate 
9 h.
From a brief visual inspection carried out in the bridge, 
extensive spallings were observed in the beams particularly at 
the ends. Exposed reinforcement were highly corroded and in some 
cases the lost of material had been significant. Structural 
cracks were found at various locations in the bridge with 
evidences of leaching especially at joints of suspended spans. 
Transverse cracks running across the width of the upper slab were 
observed at about 2m intervals. Generally the bridge is in a bad 
structural condition and has been identified by the authority as 
requiring total rehabilitation with prospect of demolition and 
re-construction. Plate 9h-l and Plate 9h-2 show some of the 
deterioration problems observed during visual inspection. The 
general condition rating of the various elements of the bridge 
is summarised in Table 9.9.
____________ Chapter 9 Field Application of Proposed Technique____________
BRIDGE REF.NO: 148/6 ROUTE : FT 005 LOCATION : Muar
Bridge Parts/Elements Material/Type Rating (1-5)
Foundation (Abutment) Reinforced concrete piles 4
Abutment walls Reinforced concrete wall 4
Pier R.C.piles with crosshead 4
Bearings - None visible - N/A
Beam/Girder Rectangular r.c. beam 4
Deck system Reinforced concrete slab 2
Surfacing Bituminous 3
Expansion joints - none - N/A
Parapet/Railings Concrete parapet 2
Approach slab - none - N/A
Slope/Scour protection - none - N/A
Table 9.9 General condition rating on Buaya Bridge
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CROSS SECTION
0 > ^  £ / * K K I A < ; 6 W i Y
Figure 9.8a
End Diaphragm Intermediate
Typical cross-section of reinforced concrete 
(beam and slab) bridge from measured dimensions. 
Peserai, Batu Pahat.
To MUAR Town
i ■ i 1 1 1 1
From BATU PAHAT Town
ABUTMENT "B"
LONGITUDINAL SECTION
Scale 1 : 250
All dimensions in metres
unless stated otherwise
R.c- Pic-e* . ABUTMENT "A"
Figure 9.8b Longitudinal section of the Peserai r.c. bridge. 
(Measured dimensions).
Page 252
Chapter 9 Field Application of Proposed Technique
Plate 9g General photographic view of Peserai r.c. bridge
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Figure 9.9a Typical cross sections of Buaya r.c. bridge from 
measured dimensions.
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Figure 9.9b Longitudinal section of Buaya bridge.
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Plate 9h
General view of Buaya bridge. 
Plate 9h-l
Cracking at support in beam
and pier head. Joint at suspended
span in bad condition.
Plate 9h-2
Serious spalling in beam near 
end supports. Exposed re-bar 
is highly corroded.
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9.4.3 Details of Instrumentation and Measurement
a ) • Instrumentation work in Peserai Bridge
Only one beam (Beam 2 South End) was chosen for the testing 
due to restriction imposed by the authority. The intermediate 
beam is 390mm wide and 890mm deep. This provided sufficient area 
for using 140mm long vibrating gauge rosette around the coring 
position for surface strain measurements. A covermeter was used 
to locate the reinforcement and the core centre was located 
avoiding any steel. Eight vibrating wire gauges were attached on 
the coring face in rosette arrangement as shown in Plate 9i-l. 
Four gauges were attached in 90 degree arrangement on the 
opposite face to serve as a cross check. A blind pilot hole 42mm 
diameter was drilled on the opposite face to about 150mm distance 
and any partial stress relief was recorded by the vibrating wire 
gauges. The drilling rig was bolted to the beam next to the 
gauging position and the scene of the hole drilling is shown in 
Plate 9i-2. An instrumented triaxial inclusion 40mm diameter, 
125mm long with encapsulated strain-gauged unit was installed 
into the pilot hole and bonded with epoxy adhesive and allowed 
to cure overnight. The assembly is shown in Plate 9i-3.
The assembly was overcored using 152mm diameter core bit at 
25mm intervals from the coring face until 300mm depth when the 
core annulus was broken and retrieved. The surface strain gauges 
and the inclusion gauges were read and the temperature monitored 
at each increment of overcoring distances. The scene of 
overcoring is as shown in Plate 9i-4. The core was further 
monitored for strain relief due to time dependent effects. The 
relief core was then converted into an octagon for re-loading test 
and part of the core which did not contain the inclusion was cut 
and tested for Young's modulus. The regression results of the 
stress strain data from the core compression test is shown in 
Table 9.10. The arrangement for the octagon re-loading test of 
the relief core containing the inclusion is shown in Plate 9j . 
The estimated Young's moduli and Poisson's ratios for the9concrete and the inclusion were 21.6, 16.0 kN/mm and 0.15, 0.40 
respectively.
Page 256
Chapter 9 Field Application of Proposed Technique
Plate 9i-l
Pattern of eight vw gauges around core position for surface 
strain measurement (Beam 2 South, Peserai Bridge).
Plate 9i-2
Drilling of pilot hole on the opposite face of the beam. 
Partial relief measured by vw gauges.
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Plate 9i-3
Installation of instrumented triaxial inclusion gauge 
inside pilot hole on opposite face.
Plate 9i-4
Incremental overcoring of the inclusion using 150mm 
diameter core bit. The rig is bolted next to the vw's.
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Plate 9j Re-loading test on relief core containing 
instrumented inclusion
b) Instrumentation work in Buaya Bridge
Again only one beam (Beam No. 2 North) was instrumented and
the limited clear depth of the beam had prevented the use of 
vibrating wire strain gauge rosette at the core locations. 
However, 150mm long Demec gauges were employed around the core 
position for the surface measurements. Some vibrating wire gauges 
were also attached as a check on the strain release and surface 
temperature measurement. The lack of accessibility also prevented 
the gauging to be attached on the opposite face. Consequently, 
only 100mm diameter bit size could be used for overcoring and 
only strain readings before and after overcoring were recorded. 
The same type of inclusion was employed in this gauging position 
and a portable data logger was used to record strain readings in 
the inclusion. Some steel could not be avoided during overcoring 
due to small available size of the test area. The stages involved 
in the overcoring test on the beam are illustrated in Plate 9k-l 
to Plate 9k-3. The 100mm overcored annulus was treated in the
same way as above and Plate 9k-4 shows the two halves of the
relief core prepared for further laboratory testing.
Page 259
Chapter 9 Field Application of Proposed Technique
Plate 9k-l
Instrumentation on Beam 2 North, Buaya Bridge. Scene 
of drilling 42mm diameter pilot hole.
Plate 9k-2
Installation of instrumented triaxial epoxy inclusion 
and connections to readout instruments.
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Plate 9k-3
Overcoring using 100mm diameter core bit. Strains 
induced by overcoring recorded by portable datalogger.
Plate 9k-4
Portions of stress relief cores. A similar inclusion 
as shown was used in the overcoring tests.
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c) Strain Measurements and Stress Estimations
The undercoring strains in both cases were measured by 
surface mounted vibrating wire strain-temperature gauges and 
Demec gauges. The 140mm long vw gauges have a gauge factor of 3 . 0 
x 10'^  and an operating frequency of about 800 Hertz. The 
overcoring strains measured by the instrumented inclusion 
triaxial gauges were recorded by a multi-channel portable data 
logger.
i) Peserai Bridge
In the case of Peserai bridge instrumentation work, the 
effect of drilling the 42mm diameter pilot hole did not induced 
any significant partial stress relief. This can be seen from the 
period readings of the vw gauges shown in Table 9.10a, 
particularly gauges nos. 9 to 12. The small diameter core bit cut 
through 125mmm depth smoothly and the effect of the drilling 
water on temperature changes was negligible. Table 9.10b and 
Table 9.10c and their associated curves show that the temperature 
difference during the hole-drilling was small. The maximum 
increase in temperature due to heated drilling water was about 
2.3°C. Consequently, the partial relief of stress was negligible 
indicating that, the drilling of the pilot hole did not, in this 
case, induce any significant effects on the existing stress 
field.
However, the recorded temperature changes were relatively 
quite significant during overcoring with 150mm diameter bit. 
Maximum temperature difference was noted in the range 100mm to
200mm of overcored depth and was as high as 10°C. This was
attributed to poor control of drilling water and friction at the 
core bit due to weight of the core and non-perpendicular drill 
feed. Consequently, correction has to be applied to the stress 
calculation to account for the temperature effects and the 
corrected strains measured from vw gauges are shown in Table 
9.11c. However, since the coefficients of thermal expansion of 
the vibrating wire and the concrete are approximately equal, the
effects of temperature changes on the true strains are
small (Table 9.lid and Table 9.lie).
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1 Distance VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-7 VW8 VW-9 VW-10 VW-11 VW-12 1
$ 13381 13380 11665 17701 12808 12577 13120 12577 12818 9941 13389 12497
25 13382 13381 11664 17701 12804 12577 13120 12577 12824 9940 13388 12505
50 13382 13380 11663 17697 12800 12576 13120 12577 12828 9940 13390 12508
75 13381 13378 11661 17699 12800 12577 13119 12576 12828 9940 13392 12510
100 13382 13378 11662 17707 12801 12577 13119 12576 12831 9941 13392 12509
125 13380 13377 11661 17707 12806 12578 13121 12575 12832 9942 13393 12513
Table 9.10a Period readings of vw gauges due to drilling of 42mm diameter pilot hole
1 Distance VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-7 VW8 VW-9 VW-10 VW-11 VW-12 1
« 26 26.5 26.6 26.1 26.5 26.3 263 264 26.9 26.5 26 269
25 28 279 28 27.6 27.9 27.7 27.8 277 28.4 27.9 28 277
50 28.1 27.9 28 27.6 27.9 278 27.8 27.6 28.4 27.7 28.3 278
75 28.1 27.9 28.1 27.7 28 27.8 27.9 278 28.5 27.7 28.3 279
TOO 28.1 27.9 28 27.6 27.9 278 27.9 277 284 27.6 28.2 277
125 28 278 28 27.6 27.9 27.8 278 276 28.3 27.5 28.5 276
Table 9.10b Actual gauge temperatures measured during hole-drilling
1 Distance VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-7 VW8 VW-9 VW-10 VW-11 VW-12 1
0 0 0 0 0 0 0 0 0 0 0 0 0
25 2 1.4 1.4 1.5 1.4 1.4 1.5 1.3 1.5 1.4 2 0.8
50 2.1 1.4 1.4 1.5 1.4 1.5 1.5 1.2 1.5 1.2 2.3 0.9
75 21 1.4 1.5 1.6 1.5 1.5 1.6 1.4 1.6 1.2 2.3 1
100 21 1.4 1.4 1.5 1.4 1.5 1.6 1.3 1.5 1.1 2.2 0.8
125 2 1.3 1.4 1.5 1.4 1.5 1.5 1.2 1.4 1 2.5 0.7
Table 9.10c Variation in temperature difference due to drilling water effect
Temperature Difference During Hole- 
Drilling
50 100
Coring depths (mm)
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I Distance VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-7 VW-8 I
0 13368 13389 11680 17007 12817 12622 13128 12585
25 13412 13423 11737 17480 12876 12798 13231 12644
50 13446 13471 11769 17324 12749 12755 13308 12711
75 13481 13509 11802 17940 12780 12785 13319 12734
100 13575 13633 11895 18133 12980 12948 13478 12843
125 13530 13598 11882 18234 12880 12901 13440 12804
150 13542 13628 11887 18203 12948 12909 13440 12822
175 13522 13633 11903 18159 12840 12684 13292 12728
200 13479 13631 11895 18258 12906 12921 13450 12794
225 13401 13467 11804 17922 12765 12765 13296 12693
250 13443 13486 11837 18012 12772 12812 13313 12690
275 13397 13544 11865 18104 12848 12801 13356 12748
300 13250 13582 11880 18128 12891 12862 13374 12750
9.11a Measured periods (cydes per 100 secs) of vw gauges during cc
I Distance VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-7 V W -81
0 559 558 733 346 608 628 580 632
25 556 555 726 327 603 610 571 626
SO 553 551 722 333 615 615 564 619
75 550 548 718 311 612 612 564 617
100 542 534 707 304 594 596 550 607
125 546 541 708 301 603 601 554 610
150 545 539 709 302 596 600 554 608
175 547 538 706 303 607 622 566 617
200 550 538 707 300 600 599 553 611
225 557 551 718 311 614 614 565 621
250 554 550 713 308 613 609 564 622
275 557 545 711 283 606 610 560 615
300 570 542 709 304 602 605 559 615
Table 9.11b (Converted strains from vw gauges during overcoring
1 Distance VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-7 VW-6
0 0 0 0 0 0 0 0 0
25 -9 -8.6 -20.9 -569 -17.7 -58.7 -273 -181
50 -18.9 -21.1 -33.5 -39.8 18 -44.7 -508 -408
75 -29.2 -31.1 -46.5 -107 8.1 -54.1 -508 -477
100 -54.7 -74.8 -81.3 -130 -49.1 -106 -946 -78.9
125 -41.2 -52.6 -77.3 -139 -21.9 -90 -82.7 -68 8
150 -455 -60.2 -75.8 -137 -43.5 -937 -82.5 -75.1
175 -372 -61 -82.9 -131 -87 -23.2 -44 -46 3
200 -28.6 -61.8 -81.7 -143 -31 -954 -859 -654
225 -6.6 -21.5 -47 1 -108 13.3 -47.2 -476 -34
250 -15.2 -249 -63.3 -118 9.5 -62.8 -507 -31
275 -7.3 -40.4 -70.9 -194 -12.6 -60.8 -64.4 -53.2
300 31.3 -50.3 -76.5 -132 -263 -774 -67.2 -534
Table 9.11 c Corrected strains from incremental coring
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VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-7 VW-8
29 28.7 28.6 28.1 28.3 28.2 28.5 28.5
29 283 28.5 28 31 32.9 28.8 286
29.9 288 29.1 28.9 31 3 339 31.3 30.3
31.2 298 30.1 303 322 34.3 31 3 31.2
32.7 31.5 31.9 32.3 35.4 38 1 33 1 324
31.2 30.3 309 31 8 35.2 37.2 33.2 31.3
32.5 31.9 32.4 329 35.8 37.9 33 31.6
30.2 297 30.5 30.4 34 334 30.5 298
30.6 30.5 32.3 33.3 35.3 36.6 33.4 30.9
29.6 29.2 30.7 31.3 33 334 31.1 29.5
29.2 296 31.9 32.3 338 34 31.2 29.5
30.3 301 33.5 32.8 34.9 35 329 30.7
307 31 33.1 343 36.6 36.6 32.7 30.9
Table 9.11d Measured temperature during coring
Temperature Variation During 
Overcoring
100 200 300
Overcored distances (mm)
Distance VW-1 VW -2 VW-3
0 0 0
0 -0.4 -0.1
0 9 0.1 0.5
2.2 1.1 1.5
3.7 2.8 33
2.2 1.6 2.3
3.5 3.2 38
1.2 1 1.9
1.6 1.8 37
0.6 0.5 2.1
0.2 0.9 3.3
1.3 1.4 4.9
1.7 2.3 4.5
Table 9.11e Temperature
VW-4 VW-5 VW-6 VW-7 VW-E
0 0 0 0 0
-0.1 2.7 4.7 0.3 0.1
0.8 3 5.7 2.8 1.8
2.2 3.9 6.1 2.8 2.7
4.2 7.1 99 46 39
3.7 69 9 4.7 28
4.8 7.5 97 4.5 3.1
2.3 5.7 5.2 2 1.3
5.2 7 8 4 4.9 24
3.2 4.7 5.2 2.6 1
4.2 5.5 5.8 2.7 1
4.7 66 68 4.4 2.2
6.2 83 8.4 4.2 2.4
in the gauges during coring
e 1 e2 e3 e4 S e1-e3 e4-e2 r ep eq Angle Sig 1 Sig 2 Sig1-Si
0 0 0 0 0 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-13.4 -33.7 -24 1 -37.5 -27.2 10.8 -3 85 5.71 -21 44 -32 86 -9.85 -0 58 -0 80 0.21
-0.45 -329 -42.2 -40.3 -29 41.7 -7.4 21.18 -7.77 -50.13 -5.03 -0.34 -1.13 0.80
-106 -42.6 -48.7 -77.5 -44 8 38.1 -349 25.82 -19.00 -70.63 -21 22 -0.65 -1 62 0.97
-51.9 -90.4 -88 -105 -837 36.1 -14.2 19 37 -6431 -103.06 -10 75 -1.76 -249 0.73
-31.6 -71.3 -80 -104 -71.7 48.5 -325 2916 -4249 -100.81 -16.91 -1.27 -2.37 1.10
-44.5 -77 -79.2 -106 -76.6 34.7 -29 22 59 -54.05 -99.23 -19 96 -1.52 -2.37 0.85
-23 -42.1 -63.5 -88.8 -54.3 40.5 -46.7 30.91 -23 42 -85.23 -24.53 -0.80 -1 96 1.16
-29.8 -786 -838 -104 -74.1 54 -25.7 29.90 -44.22 -104.03 -12.73 -1.32 -245 1.12
3.35 -34 4 -474 -71.1 -374 50.7 -36.8 31.31 -6.05 -68.67 -17.97 -0.36 -1.54 1.18
-2.85 -439 -57 -74 6 -44 6 54.2 -30.8 31.14 -13.44 -75.71 -14.80 -0.55 -1.72 1.17
-995 -50.6 -677 -123 -629 57.7 -72.9 46.47 -16 45 -109.4 -25.81 -0.73 -2.47 1.75
2 5 -639 -71 9 -928 -565 744 -29 39.89 -16.61 -96 39 -10.64 -0.69 -2.19 1.50
Table 9 1 1f Summary of calculated principal strains & stresses released during coring
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The summary of calculated principal strains (e and e ) andr 4
stresses (Sigl and Sig2) and their direction angles with respect 
to the vertical gauge is shown in Table 9.Ilf for various coring 
depths. The difference between major and minor stresses is
relatively unchanged for most cases. The maximum compressive2stress estimated by the Demec was about 2.47 N/mm corresponding 
to a coring depth of 275mm.
The maximum strains released after overcoring were used to 
calculate the three dimensional stress tensor. As the core was 
not drilled through the whole section, only partial relief of 
stress was obtained corresponding to the overcoring depth. Any 
effects from drilling of the pilot hole must be taken into 
account. The calculations are given in the Appendix and the 
magnitude and directions of the principal stresses are given in 
Table 9.11g. Table 9.11h shows the measured strains during 
overcoring of the encapsulated strain-gauged unit in the bridge 
beam.
Components of ox = -5.56 oy = -5.32 oz = -3.48
the stress 
tensor (N/mm ) rxy = 0.23 t z x  = -0.15 ryz = -0.02
Estimated ol o2 o3
principal 
stresses (N/mm ) -3.47 -5.18 -5.71
Direction angles 85.8 60.0 149.7
(Degrees) 89.1 30.0 60.0
175.6 87.0 93.2
Table 9.11g Summary of estimated principal stresses from 
triaxial inclusion gauge (Beam 2 South, Peserai 
Bridge instrumentation).
Page 266
Chapter 9 Field Application of Proposed Technique
Table 9.11 h Overcoring strains from triaxial inclusion (Beam 2 South, Peserai Bridge)
Depth el ©2 e3 e4 e5 e6 ©7 e8 e9 elO
0 0 0 0 0 0 0 0 0 0 0
26 1.9 2.5 3.8 4.8 -10.5 1.9 3.8 6.7 2.8 1.9
50 3.8 3.1 6.7 5.7 -86 0.9 3.8 8.6 5.7 57
75 6.7 5.8 7.6 7.6 -4.8 3.8 6.7 9.5 6.6 6.6
100 67 6.2 7.6 8.6 -5.8 2.8 6.7 9.5 7.6 7.6
125 11.4 9.6 12.4 11.4 -2.9 6.6 8.6 12 4 10.4 10.4
150 86 7.9 9.5 9.5 -4.8 3.8 7.6 11.4 85 95
17s
200
9.5 8.5 9.5 9.5 -3.9 57 5.7 9.5 57 66
9.5 8.9 9.5 9.5 -2.9 6.6 4.8 11.4 7.6 85
225 9.5 10.1 6.7 6.7 -5.8 2.8 3.8 9.5 47 7.6
250 13.3 10.9 8.6 8.6 0.9 1.9 3.8 13.3 4.7 104
275 581 53.7 35.2 39.1 427 14.2 267 543 352 38 1
300 132 4 954 89.5 924 109.4 762 76.2 101.9 95.2 838
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ii) Buaya Bridge
The effects of hole drilling at the test location are shown 
in Table 9.12. Slight decrease in temperature was recorded by all 
the vibrating wire gauges during hole drilling. A tensile stress 
of about 0.95 N/mm was released during hole-drilling as measured 
by the 150mm long Demec gauges around the core position as shown 
in Table 9.12f. The bridge was located at about 1 mile from the 
sea line and the test was performed during the evening when the 
temperature was dropping. The sea breeze might have caused the 
decrease in temperature measured by the vw gauges.
Table 9.13a shows the measured periods of vw gauges during 
150mm diameter coring. The temperature changes occuring in the 
gauges is shown in Table 9.13c and the corrected strains are 
shown in Table 9.13b. Most of the gauges also showed a slight 
decrease in temperature during coring operation. However, the 
overall change in temperature was small. The principal stresses
and strains estimated by the Demec gauges are shown in Table29.13d. The major tensile stress was only about 1 N/mm . The vw 
gauges were insufficient to be used to determine the stresses due 
to incomplete rosette pattern limited by the available gauging 
area around coring position. The vw gauges nevertheless had 
provided some indication of the stress release and temperature 
changes during coring.
The three dimensional stresses and their directions 
estimated by the triaxial inclusion stress gauge are as shown in 
Table 9.13. The calculations are shown in the Appendix.
Components of the ox = -1.05 oy = -0.39 oz = -0.25
stress tensor 
( N/mm ) rxy = -0.03 tzx = -0.62 ryz = 0.86
Estimated principal ol o2 o3
stresses 
( N/n ) -1.59 -0.81 0.68
Direction angles 46.5 47.9 106.2
( degrees ) 114.6 47.2 52.8
53.6 107.5 41.8
Table 9.13 Estimated principal stresses from instrumented
inclusion triaxial gauge (Beam 2 North Buaya 
bridge)
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Table 9.12a Measured periods during hole-drilling Table 9.12b Converted strains (microstrains)
Depth mm VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 Depth mm VW-1 VW-2 VW-3 VW-4 VW-5 VW-6
0 12449 13367 16649 12957 13678 12130 0 645 559 361 595 534 680
25 12445 13363 16691 12941 13679 12131 25 646 560 359 597 534 680
50 12444 13365 16672 12928 13690 12136 50 646 560 360 598 534 679
75 12453 13378 16693 12942 13705 12146 75 645 559 359 597 533 678
100 12455 13381 16698 12940 13709 12152 100 645 559 359 597 532 677
Table 9.12c Undercoring strains due to hole-drilling
Depth mm VW-1 VW-2 VW-3 VW-4 VW-5 VW-6
0 0 0 0 0 0 0
25 3 3 -6 6 0 0
50 3 3 -3 9 0 -3
75 0 0 -6 6 -3 -6
100 0 0 -6 6 -6 -9
Table 9.12d Corrected undercoring strains
Depth mm VW-1 VW-2 VW-3 VW-4 VW-5 VW-6
0 0 0 0 0 0 0
25 4.2 3.2 -5.1 6.9 0.3 0.3
50 5.3 4.3 -0.9 10.8 0.9 -2.1
75 2.2 1.2 -4.1 7.9 -2.1 -5.2
100 2.3 1.3 -4 8.1 -5 -8
Strains in vw gauges during 
hole-drilling
Table 9.12e Re carded temperature and temperature changesduring pilot hole-drilling (Buaya Bridge)
Depth mm Recorded Temperature Depth mm Temperature Difference
VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-1 VW-2 VW-3 VW-4 VW-5 VW-6
0 30.3 29.6 29.5 29.7 29.6 295 0 0 0 0 0 0 0
25 29.1 29.4 28.6 28.8 293 29.2 25 -1.2 -0.2 -0.9 -09 -0.3 -0.3
50 28 28.3 27.4 27.9 28.7 28.6 50 -2.3 -1.3 -2.1 -1.8 -09 -0.9
75 28.1 28.4 27.6 27.8 28.7 28.7 75 -22 -1.2 -1.9 -1.9 -0.9 -0.8
100 28 28.3 27.5 27.6 286 28.5 100 -23 -1.3 -2 -2.1 -1 -1
Recorded Temperature Outing Ho)e-Drilling
Coring Depths (mm)
Temperature Changes During Hole-Drilling
Table 9.12f Estimated principal strains & stresses from Demec gauges during hole-drilling
Depth e 1 e 2 e3 e4 S e1-e3 e4-e2 r ep eq Angle Sig 1 Sig 2 Diff
300 25.2 383 25.3 44 332 -0.1 5.7 2.850439 36.1 30 3 -44 0.95 0.84 0.11
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Table 9.13a Measured periods and converted strains in vw's
Depth mm Periods (cycles per 10Osecs) Converted strains
VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-1 VW-2 VW-3 VW-4 VW-5 VW -6
0 12494 12293 16673 13013 13755 12160 641 558 360 591 529 676
25 12474 13402 16841 13079 13731 12149 643 557 353 584 530 677
50 12461 13401 16809 13056 13733 12150 644 557 354 587 530 677
75 12468 13418 16883 13059 13757 12161 643 555 351 586 528 676
100 12446 13401 16814 13019 13726 12163 645 557 354 590 531 676
125 12481 13436 17047 13020 13751 12180 642 554 344 590 529 674
150 12460 13417 16892 13055 13740 12173 644 555 351 587 530 675
175 12486 13435 17070 13025 13752 12176 641 554 343 590 529 674
200 12466 13429 17051 13038 13757 12180 643 554 344 588 528 674
225 12459 13418 16926 13025 13732 12163 644 555 349 590 530 676
250 12450 13416 16986 13032 13740 12165 645 555 346 590 530 676
275 12443 13401 16868 13010 13731 12161 646 557 351 591 530 676
300 12434 13393 16821 12972 13713 12165 647 558 353 594 532 676
Table 9.13b Measured and corrected strain changes during coring
Depth mm Uncorrected strain changes during coring Depth mm|Temperature corrected strains
VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-1 VW-2 VW-3 VW-4 VW-5 VW-6
0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 6 -3 -21 -21 3 3 25 69 -1 9 -20.4 -21.2 43 4.1
50 9 -3 -18 -12 3 3 50 99 -2.2 -17 4 -134 3.8 3.9
75 6 -9 -27 -15 -3 0 75 8 1 -7 -25.4 -15.8 -0.6 2.8
100 12 -3 -18 -3 6 0 100 14.6 -0 6 -15.7 -37 88 29
125 3 -12 -48 -3 0 -6 125 5.4 -9.6 -48.5 -2 27 -33
150 9 -9 -27 -12 3 -3 150 11.5 -6.5 -26.1 -12.1 5.6 -0.4
175 0 -12 -51 -3 0 -6 175 22 -9.9 -50.4 -3.6 2.4 -35
200 6 -12 -48 -9 -3 -6 200 8 1 -10.2 -49 2 -9.8 -1.2 -38
225 9 -9 -33 -3 3 0 225 11.5 -5.7 -31 9 -26 6.4 3.6
250 12 -9 -42 -3 3 0 250 15 -6.3 -417 -3.4 57 3.1
275 15 -3 -27 0 3 0 275 18 -0.2 -25.9 -0.1 5.6 3.5
300 18 0 -21 9 9 0 300 21 2.6 -19 5 9.1 11.4 28
Undercoring strains (vw rosette) Buaya Bridge
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Table 9.13c Recorded temperature and temperature changes during coring
Depth mm Recorded temperature during coring Depth mm Temperature changes in wVs
VW-1 VW-2 VW-3 VW-4 VW-5 VW-6 VW-1 VW-2 VW-3 VW-4 VW-5 VW -6
0 284 28.7 288 28.8 28.8 28.8 0 0 0 0 0 0 0
25 27.5 276 282 29 27.5 27.7 25 -0.9 -1.1 -0.6 0.2 -1.3 -1.1
50 27.5 27.9 28.2 30.2 28 279 50 -0.9 -0.8 -0.6 1.4 -0.8 -0.9
75 26.3 26.7 27.2 29.6 264 26 75 -2.1 -2 -1.6 0.8 -2.4 -2.8
100 25.8 26.3 265 29.5 26 25.9 100 -2.6 -24 -2.3 0.7 -2.8 -2.9
125 26 263 29.3 27.8 26.1 26.1 125 -2.4 -2.4 0.5 -1 -2.7 -2.7
150 25.9 26.2 27.9 28.9 26.2 26.2 150 -2.5 -2.5 -0.9 0.1 -2.6 -2.6
175 26.2 26.6 28.2 294 264 263 175 -2.2 -2.1 -0.6 0.6 -2.4 -2.5
200 263 26.9 30 296 27 26.6 200 -2.1 -1.8 1.2 0 8 -1.8 -2.2
225 25.9 254 27.7 28.4 254 252 225 -2.5 -33 -1.1 -0.4 -3.4 -3.6
250 25.4 26 28.5 292 26.1 257 250 -3 -2.7 -0.3 0.4 -2.7 -3.1
275 254 25.9 27.7 28.9 26.2 253 275 -3 -2.8 -1.1 0.1 -2.6 -3.5
300 254 26.1 27.3 287 264 26 300 -3 -2.6 -1.5 -0.1 -2.4 -2.8
Recorded temperature during coring
Coring depths (mm)
Table 9.13d Estimated principal strains & stresses from undercoring Demec gauges
Depth mm e l e2 e3 e4 S e1 -e3 e4-e2 r ep eq Angle Sig 1 Sig 2 Sig1-Sig2
300 6 -6 36 36 18 -30 42 25.8 43.8 -7.81 -27.2 1 -0.03 1.03
Temperature changes during 
coring
Coring depths (mm)
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9.4 Summary
Field-application of the instrumented inclusion technique 
for measuring stresses in three concrete bridges has been 
described. Results of field trial on an existing concrete arch 
bridge showed that the stresses measured by the overcoring test 
were comparable with those obtained from surface gauging method. 
Both techniques predicted a low level of stresses in two beams 
of the bridge which seemed to dominantly follow the horizontal 
direction. The results suggested that the bridge behaved like a 
beam and slab structure rather than as a true arch structure.
No three dimensional analysis of the whole structure was 
carried out and comparison with analytical results could not be 
obtained. However, stresses measured by the inclusion method are 
compared with those obtained from surface measurements. The 
absolute values of the estimated in-situ stresses obtained from 
inclusion method are larger than those obtained from surface 
strain measurements for both beams. It is suggested that the 
stresses obtained from inclusion method provide a more precise 
indication of the stress distribution across the section. 
Laboratory tests on the relieved cores also give comparable 
results of the concrete modulus as compared with in-situ jacking 
test on core holes indicating the potential of the proposed 
method. However, pulse ultrasonic site measurement give low 
values of the modulus due to inherent difficulties in its use.
In the second bridge, the inclusion method was used to 
estimate compressive principal stresses at core location in one 
beam. Surface measurement also-indicated compressive stresses but 
with different magnitude. In the third field trial, small size 
of the beam had prevented the use of reliable pattern of surface 
strain gauging and the results obtained from the inclusion method 
could not be compared with. Small temperature changes were 
observed in both bridges. Lack of allowable test location on the 
two bridges had render the results of stress measurements be 
treated as inconclusive. Nevertheless, first field experience 
suggests that the proposed instrumented inclusion technique can 
be easily adapted for in situ measurement of stresses in existing 
structures.
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This research has been directed towards developing an 
experimental technique for in-situ stress measurement and 
residual stress determination in concrete structures using an 
instrumented inclusion technique. The study includes the design 
and construction of the instrumented inclusion, development of 
a method of analysis for predicting stresses from measured 
strains, development of a testing programme for experimental 
calibration work and the field application of the technique. 
Biaxial and triaxial types of inclusions have been designed to 
measure stresses.
The following general conclusions may be drawn from the 
study :
i) An instrumented cylindrical inclusion 40mm diameter 
provides a form of triaxial measuring instrument to record 
stress relief occasioned by overcoring using the standard 
150mm diameter core bit. The pre- and post-overcoring 
strains can be used to determine components of the stress 
tensor from which the magnitude and direction of the 
principal stresses can be estimated provided the elastic 
properties are known.
ii) At least six gauges have to be used to determine a complete 
stress tensor at a point in a structure. In this study, 
nine gauges were used employing three 3-element electrical 
resistance strain gauge rosettes suitably attached on a 
solid epoxy cylinder thus allowing three radial strains, 
three 45 degree strains and three axial strains to be 
measured. This arrangement introduces a form of redundancy 
into the measuring system necessary for checking purposes. 
The axial strains can be averaged and the least squares 
method can be utilised in the analysis.
CONCLUSIONS AND RECOMMENDATIONS
10.1 General Conclusions
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iii) Incremental overcoring (e.g. at 25mm intervals) of a 
triaxial instrumented inclusion in a concrete medium 
produces a strain evolution curve for each gauges. The 
curve which is a plot of strains versus overcored distances 
has features which are characteristics of the overcoring 
process. Effects of errors associated with temperature, 
faulty gauges and imperfect bonding or adhesion failure 
will produce anomalies into the evolution curves. Thus the 
curve is diagnostic for overcoring and can be used to 
detect such problems. Imperfect bonding tends to produce 
high axial strains and severe temperature changes give rise 
to unstable upper level strain values.
iv) Surface strain gauging employing a pattern of vibrating 
wire strain gauges (vw's) and Demec gauges is required to 
record surface strain pattern during coring-overcoring. The 
optimum surface gauging arrangement includes an array of 
Demec gauges on the core and across the intended hole, and 
a pattern of eight vw's in 45 degree fashion around the 
core position. The size of the test area is dictated by the 
physical dimensions and conditions of the structural 
element. The presence of microcracking and the anisotropy 
effect of aggregate sizes complicates the stress 
computation from surface measurements.
v) The computation of stresses from measured strains is 
dependent upon the elastic properties of the concrete and 
the inclusion, particularly the Young's modulus and 
Poisson's ratio. The optimum use of instrumented inclusion 
therefore depends on the adequate information on these 
parameters. Specimen of the inclusion material prepared 
during casting can be laboratory tested at the same time as 
the overcoring test but the concrete medium requires both 
laboratory and site testing. The combined results of site 
measurement including in-situ jacking test on core holes 
(Mehrkar-Asl, 1989), the pulse ultrasonic measurements and 
core compression test provides useful guidance for 
estimating the modulus.
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vi) The values of Young's modulus obtained from conventional 
core compression test may be different from the modulus in 
the plane of a concrete element. By converting the core 
into a prism or an octagon shape allows it to be compressed 
along its diametric plane and the modulus parallel to the 
stress release can be estimated. The re-loading of the 
stress-relieved core also provides a means of re­
establishing the original strains in the gauges for 
assessing the stresses.
vii) A solid mild steel cylinder instrumented with 45 degree 
strain gauge rosettes on its diametric plane can measure 
changes in secondary stresses. A parametric study based on 
the use of PC indicates that a mild steel inclusion bonded 
with hard cement layer presents the best performance of a 
rigid biaxial device. The analysis program used in the 
parametric study is easy to use with the PC and offers a 
potential benefit for further study on bonded inclusion 
problems.
10.2 Recommendations for Future Work
While adding another dimension to the field of stress
measurement in concrete structures, the proposed technique is 
still in a very early embryonic stage of development and does 
require further improvement in many respects. The following 
recommendations are considered to be useful to be undertaken for 
further research as an extension of the currently proposed 
experimental technique.
i) The instrumented inclusions designed and developed
specifically for this study could be further developed and 
modified to incorporate provisions for continous
temperature monitoring during overcoring. For this purpose 
a special mould has to be developed to include facilities 
for attaching thermistors or thermocouples. Other features 
must also be incorporated in the design to improve the
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capability of the instrument which includes centralising 
method, wiring and connections. However, it should be borne 
in mind that, the cost must be kept to the minimum.
In addition, only solid cylindrical inclusions have been 
employed in this study. It is recommended that thin-walled 
hollow cylinders be attempted to cover a wider range of 
inclusion. Although more difficult to fabricate, the hollow 
type offers certain advantage in minimising the effect of 
radial tensile at the interfaces. A simple provisional 
method of casting such hollow cylinder has been designed in 
this study and shown in the Appendix C.
ii) The scope of the testing programme has been limited only to 
uniaxial compressive loading of 300mm concrete blocks and 
1000x1000x100mm slightly reinforced concrete slabs. Further 
tests employing biaxial loading and bending could be 
performed to assess the performance of the inclusion under 
different types of loading normally found in practice. It 
is also desirable , though more expensive, to use larger 
and thicker specimens to minimise edge effects and boundary 
effects and obtain conditions closer to plane strain 
assumption.
iii) A technique of recovery and re-use of the instrumented 
inclusions is suggested by means of multiple overcoring of 
the stress-relieved cores. After re-loading tests for 
stresses and material properties, the instrument could be 
overcored again using a slightly larger diameter bit (50 mm 
diameter) and the resulting overcored cylinder containing 
the instrument could be further used as an inclusion. The 
re-loading test on the 'original' inclusion would serve as 
a calibration test for the 'new' inclusion. Savin's 
analysis for the case of a hole strengthened by multiple 
elastic rings could be easily employed to account for the 
concentric glue layers during re-use of the inclusion.
v) The use of small cores obtained from pilot hole-drilling 
and was briefly investigated in this study may offer a 
potential advantage in in-situ measurement technique. By
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using the original material taken from the structure, could 
reduce the inhomogeneity of the assembly and a matching of 
moduli could be obtained. In addition, by using a fast 
setting epoxy bonding allows the small cores to be 
instrumented and bonded in a few hours on site. The epoxy 
bond could reach the required strength after several hours 
and the assembly could be made ready for overcoring test.
"Furthermore, with the use a portable data logger and a 
laptop computer would allow a fast and efficient data 
acquisition system to be employed.
v i ) Another aspect which is worth looking into for future 
research is the long-term stress monitoring using the hole 
made by the standard 150mm diameter core bit. Such holes 
resulting from standard coring tests or overcoring tests 
are normally re-filled with suitable cement mortar or other 
method of patching up the imperfections in the structure. 
A pre-made concrete cylinder cast to the right dimensions 
and pre-instrumented with embedded type vibrating-wire 
strain gauges could be installed into the core hole and act 
as a long-term stress monitoring device. In this way it 
could increase the amount of stress data potentially 
available for a given instrumentation work. Research in 
developing this monitoring instrument is desirable since 
such long-term stress monitoring is likely to be usefully 
important for large concrete structures such as dams, deep 
beams, abutments and tunnels.
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APPENDICES
APPENDIX Al FORTRAN Listing of Two-Dimensional BEM Program 
for Stress Concentration Problem
COMMON/SI/PI,PR,PR1,PR2,PR3,CON,COND
COMMON/S 2/SXXS,SXXN,SYYS,SYYN,SXYS,SXYN,UXS,UXN,UYS,UYN 
C0MM0N/S3/C(100,100),B(100),P(100)
DIMENSION XM(50),YM(50),A(50),COSBET(50),SINBET(50),KOD(50) 
DIMENSION TITLE(20)
CHARACTER*10 INFIL,OUTFIL 
WRITE (6,66)
66 FORMAT (/,' Please Enter Input Filename : ')
READ(5,77)INFIL 
WRITE(6,88)
88 F0RMAT(/,' Please Enter Output Filename : ')
READ(5,77)OUTFIL 
77 FORMAT(A10)
OPEN (5,FILE=INFIL)
IF(OUTFIL.NE.1 >) THEN
OPEN (6,FILE=0UTFIL)
ENDIF
READ (5,1) (TITLE(I),1=1,20)
WRITE (6,2) (TITLE(I),1=1,20)
READ (5,3) NUMBS,NUMOS,KSYM 
READ (5,4) PR,E ,XSYM,YSYM 
READ (5,5) PXX,PYY,PXY 
WRITE (6,6) NUMBS,NUMOS 
GO TO (80,85,90,95),KSYM 
80 WRITE (6,7)
GO TO 100 
85 WRITE (6,8) XSYM 
GO TO 100 
90 WRITE (6,9) YSYM 
GO TO 100 
95 WRITE (6,10) XSYM,YSYM 
100 CONTINUE
WRITE (6,11) PR,E 
WRITE (6,12) PXX,PYY,PXY 
PI=4*ATAN(1.)
CON=l./(4.*PI*(l.-PR) )
COND=(l.+PR)/E 
PR1=1.-2.*PR 
PR2=2.*(1.-PR)
PR3=3.-4.*PR 
NUMBE=0
DO 110 N=l,NUMBS
READ (5,14) NUM,XBEG,YBEG,XEND,YEND,KODE,BVS,BVN 
XD=(XEND-XBEG)/NUM 
YD=(YEND-YBEG)/NUM 
SW=SQRT(XD*XD+YD*YD)
DO 110 NE=1,NUM 
NUMB E=NUMB E +1 
M=NUMBE
XM(M)=XBEG+0.5*(2.*NE-1.)*XD 
YM(M)=YBEG+0.5*(2.*NE-1.)*YD 
A(M)=0.5*SW 
SINBET(M)=YD/SW 
COSBET(M )=XD/SW 
KOD(M)=KODE 
MN=2*M 
MS=MN-1 
B (MS)=BVS 
110 B(MN)=BVN
WRITE (6,13)
DO 115 M=1,NUMBE 
SIZE=2.*A(M)
ANGLE=180.*ATAN2(SINBET(M),COSBET(M))/PI
WRITE (6,15) M ,KOD(M),XM(M),YM(M),SIZE,ANGLE,B(2*M-1),B(2*M) 
115 CONTINUE
DO 150 N=l,NUMBE
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NN= 2*N 
NS=NN-1 
COSB=COSBET(N )
SINB=SINBET(N )
SIGS=(PYY-PXX)*SINB*COSB+PXY*(COSB*COSB-SINB*SINB) 
SIGN=PXX*SINB*SINB-2.*PXY*SINB*COSB+PYY*COSB*COSB 
GO TO (120,150,130,140),KOD(N)
120 B(NS)=B(NS)-SIGS 
B (NN)=B(NN)-SIGN 
GO TO 150 
130 B (NN)=B(NN)-SIGN 
GO TO 150 
140 B(NS)=B(NS)-SIGS 
150 CONTINUE
DO 300 1=1,NUMBE
IN=2*I
IS=IN-1
XI=XM(I)
YI=YM(I)
COSBI=COSBET(I)
SINBI=SINBET(I)
KODE=KOD(I )
DO 300 J=1,NUMBE 
JN=2*J
JS=JN-1 .
CALL INITL 
XJ=XM(J)
YJ=YM(J)
COSBJ=COSBET(J)
SINBJ=SINBET(J )
AJ=A{J)
CALL COEFF(XI,YI,XJ,YJ,A J ,COSBJ,SINBJ,1)
GO TO (240,210,220,230),KSYM 
210 XJ=2.*XSYM-XM(J)
GO TO 240 
220 YJ=2.*YSYM-YM(J)
CALL COEFF(XI,YI,XJ,YJ,A J ,-COSBJ.SINBJ,-1)
GO TO 240 
230 XJ=2.*XSYM-XM(J)
CALL COEFF(XI,YI,XJ,YJ,A J ,COSBJ,-SINBJ,-1)
XJ=XM(J)
YJ=2.*YSYM-YM(J)
CALL COEFF(X I ,YI,XJ,YJ,A J ,-COSBJ,SINBJ,-1)
XJ = 2.*XSYM-XM(J )
CALL COEFF(X I ,YI,XJ,YJ,A J ,-COSBJ,-SINBJ,+1)
240 CONTINUE
GO TO (250,260,270,280),KODE 
250 C(IS,JS)=(SYYS-SXXS)*SINBI*COSBI+SXYS*(COSBI*COSBI-SINBI*SINBI) 
C(IS,JN)=(SYYN-SXXN)*SINBI*COSBI+SXYN*(COSBI*COSBI-SINBI*SINBI) 
C(IN,JS)=SXXS*SINBI*SINBI-2.*SXYS*SINBI*COSBI+SYYS*COSBI*COSBI 
C (IN,JN)=SXXN*SINBI*SINBI-2.*SXYN*SINBI*COSBI+SYYN*COSBI*COSBI 
GO TO 300 
260 C (IS,JS)=UXS*COSBI+UYS*SINBI 
C(IS,JN)=UXN*COSBI+UYN*SINBI 
C(IN,JS)=-UXS*SINBI+UYS*COSBI 
C(IN,JN)=-UXN*SINBI+UYN*COSBI 
GO TO 300 
270 C(IS,JS)=UXS*COSBI+UYS*SINBI 
C(IS,JN)=UXN*COSBI+UYN*SINBI
C (IN,JS)=SXXS*SINBI*SINBI-2.*SXYS*SINBI*COSBI+SYYS*COSBI*COSBI 
C(IN,JN)=SXXN*SINBI*SINBI-2.*SXYN*SINBI*COSBI+SYYN*COSBI*COSBI 
GO TO 300
280 C(IS,JS)=(SYYS-SXXS)*SINBI*COSBI+SXYS*(COSBI*COSBI-SINBI*SINBI) 
C (IS,JN)=(SYYN-SXXN)*SINBI*COSBI+SXYN*(COSBI*COSBI-SINBI*SINBI) 
C(IN,JS)=-UXS*SINBI+UYS*COSBI 
C (IN,JN)=-UXN*SINBI+UYN*COSBI
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300 CONTINUE 
N=2*NUMBE 
CALL SOLVE(N )
WRITE (6,16)
DO 600 1=1,NUMBE 
XI=XM(I)
Y1=YM(I)
COSBI=COSBET(I )
SINBI=SINBET(I)
UX=0.
UY=0 .
SIGXX=PXX
SIGYY=PYY
SIGXY=PXY
DO 570 J=1,NUMBE
JN=2*J
JS=JN-1
CALL INITL
XJ=XM{J)
YJ=YM(J)
AJ =A(J )
COSBJ=COSBET(J )
SINBJ=SINBET(J ) •
CALL COEFF(X I ,YI,X J ,YJ,AJ,COSBJ,SINBJ, +1)
GO TO (540,510,520,530),KSYM 
510 XJ=2.*XSYM-XM(J)
CALL COEFF(X I ,YI,XJ,YJ,A J ,COSBJ,-SINBJ,-1)
GO TO 540 
520 YJ=2.*YSYM-YM(J)
CALL COEFF(XI,YI,XJ,YJ,AJ,-COSBJ,SINBJ,-1)
GO TO 540 
530 XJ=2.*XSYM-XM(J)
CALL COEFF (X I , YI, XJ , YJ , AJ , COSBJ, -S INB J , -1)
XJ=XM(J)
YJ=2.*YSYM-YM(J)
CALL COEFF(X I ,YI,XJ,YJ,A J ,-COSBJ,SINBJ,-1)
XJ=2.*XSYM-XM(J)
CALL COEFF(XI,YI,XJ,YJ,A J ,-COSBJ,-SINBJ,+1)
540 CONTINUE
UX=UX+UXS*P(JS)+UXN*P(JN)
UY=UY*UYS*P(JS)+UYN*P(JN)
SIGXX=SIGXX+SXXS*P(JS)+SXXN*P(JN)
SIGYY=SIGYY+SYYS*P(JS)+SYYN*P(JN)
SIGXY=S1GXY+SXYS*P(JS)+SXYN*P(JN)
570 CONTINUE
US=UX*COSBI+UY*SINBI
UN=UX*SINBI+UY*COSBI .
SIGS=(SIGYY-SIGXX)*SINBI*COSBI+SIGXY*(COSBI*COSBI-SINBI*SINBI) 
SIGN=SIGXX*SINBI*SINBI-2.*SIGXY*SINBI*COSBI+SIGYY*COSBI*COSBI 
SIGT=SlGXX*COSBI*COSBI+2.*SIGXY*SINBI*COSBI+SIGYY*SINBI*SINBI 
WRITE (6,17) I ,UX,UY,US,UN,SIGXX,SIGYY,SIGXY,SIGS,SIGN,SIGT 
600 CONTINUE
IF (NUMOS.LE.O) GO TO 900 
WRITE (6,18)
NPOINT =0 
DO 890 N=1,NUMOS
READ (5,19) XBEG,YBEG,XEND,YEND,NUMPB
NUMP=NUMPB+1
DELX=(XEND-XBEG)/NUMP
DELY=(YEND-YBEG)/NUMP
IF (NUMPB.GT.O) NUMP=NUMP+1
IF (DELX**2 + DELY**2.EQ.0) NUMP = 1
DO 890 NI=1,NUMP
XP=XBEG+(NI-1)*DELX
YP=YBEG+{NI-1)*DELY
UX=0.
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UY=0 .
SIGXX=PXX 
SIGYY=PYY 
SIGXY=PXY 
DO 880 J=l,NUMBE 
JN=2*J
JS=JN-1 •
CALL INITL 
XJ =XM(J )
YJ=YM(J)
AJ=A(J)
IF (SQRT((XP-XJ)**2+(YP-YJ)**2).LT.2.*AJ) GO TO 890 
COSBJ=COSBET(J) '
SINBJ=SINBET(J )
CALL COEFF(X P ,YP,XJ,YJ,A J ,COSBJ,SINBJ,+1)
GO TO (840,810,820,830),KSYM 
810 XJ = 2.*XSYM-XM(J )
CALL COEFF(X P ,YP,XJ,YJ,AJ,COSBJ,-SINBJ,-1)
GO TO 840 
820 YJ=2.*YSYM-YM(J)
CALL COEFF(XP,YP,XJ,YJ,A J ,-COSBJ,SINBJ,-I)
GO TO 840 
830 XJ=2.*XSYM-XM(J)
CALL COEFF(X P ,YP,XJ,YJ,AJ,COSBJ,-SINBJ,-1)
XJ =XM(J ) •
YJ=2.*YSYM-YM(J )
CALL COEFF(XP,YP,XJ,YJ,AJ,-COSBJ,SINBJ,-1)
XJ=2.*XSYM-XM(J)
CALL COEFF(X P ,YP,XJ,YJ,A J ,-COSBJ,-SINBJ,+1)
840 CONTINUE
UX=UX+UXS*P(JS)+UXN*P(JN)
UY=UY+UYS*P(JS)+UYN*P(JN)
SIGXX=SIGXX+SXXS*P(JS)+SXXN*P(JN)
SIGYY=SIGYY+SYYS*P(JS)+SYYN*P(JN)
SIGXY=SIGXY+SXYS*P(JS)+SXYN*P(JN)
880 CONTINUE
NPOINT=NPOINT+l
WRITE (6,20) NPOINT,X P ,YP,UX,UY,SIGXX,SIGYY,SIGXY 
890 CONTINUE 
900 CONTINUE
1 FORMAT (20A4)
2 FORMAT (1H1,/,25X,20A4,/)
3 FORMAT (314)
4 FORMAT (F6.2,E11.4,2F12.4)
5 FORMAT (3E11.4)
6 FORMAT (/,109H NUMBER OF STRAIGHT-LINE SEGMENTS (EACH CONTAINING A 
IT LEAST ONE BOUNDARY ELEMENT) USED TO DEFINE BOUNDARIES =,I3,//,12 
23H NUMBER OF STRAIGHT-LINE SEGMENTS USED TO SPECIFY OTHER LOCATION 
3S (I.E., NOT ON A BOUNDARY) WHERE RESULTS ARE TO BE FOUND =,13)
7 FORMAT (/,32H NO SYMMETRY CONDITIONS IMPOSED.)
8 FORMAT (/,18H THE LINE X = XS =,F12.4,23H IS A LINE OF SYMMETRY.)
9 FORMAT (/,18H THE LINE Y = YS =,FI2.4,23H IS A LINE OF SYMMETRY.)
10 FORMAT (/,19H THE LINES X = XS =,F12.4,13H AND Y = YS =,F12.4,
1 23H ARE LINES OF SYMMETRY.)
11 FORMAT (/,18H POISSON’S RATIO =,F6.2,//,18H YOUNG’S MODULUS =,E11. 
14)
12 FORMAT (/,31H XX-COMPONENT OF FIELD STRESS =,Ell.4,//,31H YY-COMPO 
1NENT OF FIELD STRESS =,El1.4,//,31H XY-COMPONENT OF FIELD STRESS = 
2,Ell.4,/)
13 FORMAT (1H1,/,27H BOUNDARY ELEMENT DATA.,//,96H ELEMENT
10DE X (CENTER) Y (CENTER) LENGTH ANGLE US OR SIGMA-
2 UN OR SIGMA-N,/)
14 FORMAT (I4,4F12.4,I4,2E11.4)
15 FORMAT (2I9,3F12.4,F12.2,2E15.4)
16 FORMAT (1H1,/,66H DISPLACEMENTS AND STRESSES AT MIDPOINTS OF B
10UNDARY ELEMENTS.,//,40H ELEMENT UX UY US,
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oo
2 60H UN SIGXX SIGYY SIGXY SIGMA-S SIGMA-N,
3 10H SIGMA-T,/)
17 FORMAT (I10,AF10.6,6F10.1)
18 FORMAT (1H1,/,6 AH DISPLACEMENTS AND STRESSES AT SPECIFIED POIN
ITS IN THE BODY. , , 93H POINT X CO-ORD Y CO-ORD U
2X UY SIGXX SIGYY SIGXY,/)
19 FORMAT (AF12.A.IA) •
20 FORMAT (19,2F12.A ,2F12.6,3F12.1)
END
SUBROUTINE INITL
COMMON/S 2/SXXS,SXXN,SYYS,SYYN,SXYS,SXYN,UXS,UXN,UYS,UYN 
SXXS=0.
SXXN=0.
SYYS=0.
SYYN=0.
SXYS=0.
SXYN=0.
UXS=0.
UXN=0.
UYS=0.
UYN=0.
RETURN
END
SUBROUTINE COEFF(X,Y,CX,CY,A,COSB,SINB,MSYM)
COMMON/S 1/PI,PR,PR1,PR2,PR3,CON,COND •
COMMON/S 2/SXXS,SXXN,SYYS,SYYN,SXYS,SXYN,UXS,UXN,UYS,UYN
COS2B=COSB*COSB-SINB*SINB
SIN2B=2.*SINB*C0SB
XB=(X-CX)*C0SB+(Y-CY)*SINB
YB=-(X-CX)*SINB+(Y-CY)*COSB
R1S=(XB-A)*(XB-A)+YB*YB
R2S=(XB+A)*(XB+A)+YB*YB
FL1=0.5*ALOG(R1S)
FL2=0.5*ALOG(R2S)
FB2=CON*(FL1-FL2)
IF (YB.NE.O.) GO TO 10 
FB3=0.
IF (ABS(XB).LT.A) FB3=CON*PI 
GO TO 20
10 FB3=-CON*(ATAN((XB+A)/YB)-ATAN((XB-A)/YB))
20 FB1=YB*FB3+C0N*((XB-A)*FL1-(XB+A)*FL2)
FBA=CON*(YB/R1S-YB/R2S)
FB5=CON*((XB-A)/R1S-(XB+A)/R2S)
UXPS=COND*(PR3*C0SB*FB1+YB*(SINB*FB2+COSB*FB3))
UXPN=COND*(-PR3*SINB*FB1-YB*(COSB*FB2-SINB*FB3))
UYPS=COND*(PR3*SINB*FB1-YB*(COSB*FB2-SINB*FB3))
UYPN=COND*(PR3*C0SB*FB1-YB*(SINB*FB2+COSB*FB3))
SXXPS=FB2+PR2*(COS2B*FB2-SIN2B*FB3)+YB*(COS2B*FBA+SIN2B*FB5) 
SXXPN=FB3-PR1*(SIN2B*FB2+COS2B*FB3)+YB*(SIN2B*FBA-COS2B*FB5) 
SYYPS=FB2-PR2*(COS2B*FB2-SIN2B*FB3)-YB*(COS2B*FBA+SIN2B*FB5) 
SYYPN=FB3 + PR1*(SIN2B*FB2 + COS 2B*FB3)-YB*(SIN2B*FBA-COS2B*FB5) 
SXYPS=PR2*(SIN2B*FB2+COS2B*FB3)+YB*(SIN2B*FBA-COS2B*FB5)
SXYPN=PR1*{COS2B*FB2-SIN2B*FB3)-YB*(COS2B*FBA+SIN2B*FB5)
UXS=UXS+MSYM*UXPS
UXN=UXN+UXPN
UYS=UYS+MSYM*UYPS
UYN=UYN+UYPN
SXXS=SXXS+MSYM*SXXPS
SXXN=SXXN+SXXPN
SYYS=SYYS+MSYM*SYYPS
SYYN=SYYN+SYYPN
SXYS=SXYS+MSYM*SXYPS
SXYN=SXYN+SXYPN
RETURN
END
SUBROUTINE SOLVE<N)
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C0MM0N/S3/A(100,100),B (100),X (100) 
NB=N-1
DO 20 J=1,NB L=J +1
DO 20 JJ=L,N 
XM=A(JJ,J)/A(J,J)
■ DO 10 I=J,N 
10 A( JJ , I ) =A( JJ , I ) - A( J , X ) *XM 
20 B(JJ)=B(JJ)-B(J)*XM 
X(N)=B(N)/A(N,N)
DO 40 J = 1,NB 
JJ=N-J 
L=JJ+l '
SUM=0.
DO 30 I=L,N 
30 SUM=SUM+A(JJ,I)*X(I)
40 X(JJ)=(B(JJ)-SUM)/A(JJ,JJ)
RETURN
END
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APPENDIX A2 Typical Input and Output Format for Stresses and 
Displacements due to 40mm Pilot Hole in Concrete
S t r e s s  R e l e a s e  d u e  t o  4 0 m m  P i l o t  H o l e  i n  C o n c r e t e  S l a b  
2 4 , 3 , 4
0 . 1 3 , 0 . 2 3 0 0 e  0 5 , 0 . 0 0 0 0 , 0 . 0 0 0 0  
O . O O O O e  0 0 , - 0 . 5 0 0 0 e  0 1 , 0 . 0 0 0 0 e  0 0
1 . 2 . 0 0 0 0 . 0 . 0 0 0 0 . 1 . 9 9 5 7 . 0 . 1 3 0 8 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 9 9 5 7 . 0 . 1 3 0 8 . 1 . 9 8 2 9 . 0 . 2 6 1 1 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 9 8 2 9 . 0 . 2 6 1 1 . 1 . 9 6 1 6 . 0 . 3 9 0 2 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 9 6 1 6 . 0 . 3 9 0 2 . 1 . 9 3 1 9 . 0 . 5 1 7 6 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 9 3 1 9 . 0 . 5 1 7 6 . 1 . 8 9 3 9 . 0 . 6 4 2 9 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 8 9 3 9 . 0 . 6 4 2 9 . 1 . 8 4 7 8 . 0 . 7 6 5 4 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 8 4 7 8 . 0 . 7 6 5 4 . 1 . 7 9 3 7 . 0 . 8 8 4 6 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 7 9 3 7 . 0 . 8 8 4 6 . 1 . 7 3 2 1 . 1 . 0 0 0 0 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 7 3 2 1 . 1 . 0 0 0 0 . 1 . 6 6 2 9 . 1 . 1 1 1 1 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 6 6 2 9 . 1 . 1 1 1 1 . 1 . 5 8 6 7 . 1 . 2 1 7 5 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 5 8 6 7 . 1 . 2 1 7 5 . 1 . 5 0 3 7 . 1 . 3 1 8 7 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 5 0 3 7 . 1 . 3 1 8 7 . 1 . 4 1 4 2 . 1 . 4 1 4 2 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 4 1 4 2 . 1 . 4 1 4 2 . 1 . 3 1 8 7 . 1 . 5 0 3 7 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 3 1 8 7 . 1 . 5 0 3 7 . 1 . 2 1 7 5 . 1 . 5 8 6 7 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 2 1 7 5 . 1 . 5 8 6 7 . 1 . 1 1 1 1 . 1 . 6 6 2 9 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 1 1 1 1 . 1 . 6 6 2 9 . 1 . 0 0 0 0 . 1 . 7 3 2 1 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 1 . 0 0 0 0 . 1 . 7 3 2 1 . 0 . 8 8 4 6 . 1 . 7 9 3 7 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 0 . 8 8 4 6 . 1 . 7 9 3 7 . 0 . 7 6 5 4 . 1 . 8 4 7 8 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 0 . 7 6 5 4 . 1 . 8 4 7 8 . 0 . 6 4 2 9 . 1 . 8 9 3 9 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 0 . 6 4 2 9 . 1 . 8 9 3 9 . 0 . 5 1 7 6 . 1 . 9 3 1 9 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 0 . 5 1 7 6 . 1 . 9 3 1 9 . 0 . 3 9 0 2 . 1 . 9 6 1 6 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 0 . 3 9 0 2 . 1 . 9 6 1 6 . 0 . 2 6 1 1 . 1 . 9 8 2 9 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 0 . 2 6 1 1 . 1 . 9 8 2 9 . 0 . 1 3 0 8 . 1 . 9 9 5 7 . 1 . 0 . 0 0 0 0 e  0 0 , O . O O O O e  0 0
1 . 0 . 1 3 0 8 . 1 . 9 9 5 7 . 0 . 0 0 0 0 . 2 . 0 0 0 0 . 1 . 0 . 0 0 0 0 6  0 0 , O . O O O O e  0 0
2 . 0 0 0 0 . 0 . 0 0 0 0 . 2 6 . 0 0 0 0 . 0 . 0 0 0 0 . 7  
1 . 4 1 4 2 , 1 . 4 1 4 2 , 1 8 . 3 8 4 8 , 1 8 . 3 8 4 8 , 7  
0 . 0 0 0 0 , 2 . 0 0 0 0 , 0 . 0 0 0 0 , 2 6 . 0 0 0 0 , 7
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NUMBER OF STRAIGHT-LINE SEGMENTS (EACH CONTAINING AT LEAST ONE BOUNDARY ELEMENT) USED TO DEFINE BOUNDARIES * 24
NUMBER OF STRAIGHT-LINE SEGMENTS USED TO SPECIFY OTHER LOCATIONS (I.E., NOT ON A BOUNDARY) WHERE RESULTS ARE TO BE FOUN 
D = 3
THE LINES X = XS « 0.0000 AND Y = YS * 0.0000 ARE LINES OF SYMMETRY.
POISSON’S RATIO = 0.13
YOUNG'S MODULUS = 0.2300E+05 
XX-COMPONENT OF FIELD STRESS = 0.0000E+00 
YY-COMPONENT OF FIELD STRESS =-0.5000E+01 
XY-COMPONENT OF FIELD STRESS = 0.OOOOE+OO
BOUNDARY ELEMENT DATA.
:nt KODE X (CENTER) Y (CENTER) LENGTH ANGLE US OR SIGMA-S UN OR SIGMA-N
i 1 1.9978 0.0654 0.1309 91.88 0.OOOOE+OO 0.OOOOE+OO
2 1 1.9893 0.1960 0.1309 95.61 0.OOOOE+OO 0.OOOOE+OO
3 1 1.9722 0.3256 0.1308 99.37 0.OOOOE+OO 0.0000E+00
4 1 1.9467 0.4539 0.1308 103.12 0.OOOOE+OO 0.0000E + 00
5 1 1.9129 0.5803 0.1309 106.87 0.OOOOE+OO 0.OOOOE+OO
6 1 1.8709 0.7041 0.1309 110.62 0.0000E+00 0.OOOOE+OO
7 1 1.8207 0.8250 0.1309 114.41 0.0000E+00 0.0000E+00
8 1 1.7629 0.9423 0.1308 118.09 0.OOOOE+OO 0.OOOOE+OO
9 1 1.6975 1.0555 0.1309 121.92 0.OOOOE+OO 0.OOOOE+OO
10 1 1.6248 1.1643 0.1309 125.61 0.0000E+00 0.OOOOE+OO
11 1 1.5452 1.2681 0.1309 129.36 0.OOOOE+OO 0.0000E+00
12 1 1.4590 1.3664 0.1309 133.14 0.OOOOE+OO 0.OOOOE+OO
13 1 1.3664 1.4590 0.1309 136.86 0.OOOOE+OO 0.OOOOE+OO
14 1 1.2681 1.5452 0.1309 140.64 0.0000E+00 0.0000E+00
15 1 1.1643 1.6248 0.1309 144.39 0.OOOOE+OO 0.0000E+00
16 1 1.0555 1.6975 0.1309 148.08 0.OOOOE+OO 0.0000E+00
17 1 0.9423 1.7629 0.1308 151.91 0.0000E+00 0.OOOOE+OO
18 1 0.8250 1.8207 0.1309 155.59 0.0000E+00 0.OOOOE+OO
19 1 0.7041 1.8709 0.1309 159.38 0.0000E+00 0.OOOOE+OO
20 1 0.5803 1.9129 0.1309 163.13 0.OOOOE+OO 0.OOOOE + OO
21 1 0.4539 1.9467 0.1308 166.88 0.0000E+00 0.OOOOE+OO
22 1 0.3256 1.9722 0.1308 170.63 0.0000E+00 0.OOOOE+OO
23 1 0.1960 1.9893 0.1309 174.39 0.0000E+00 0.OOOOE+OO
24 1 0.0654 1.9978 0.1309 178.12 0.0000E+00 0.OOOOE+OO
DISPLACEMENTS AND STRESSES AT MIDPOINTS OF BOUNDARY ELEMENTS.
:nt UX UY US UN SIGXX S1GYY SIGXY SIGMA-S SIGMA-N SIGMA-T
i 0.000367 -0.000001 -0.000013 0.000367 0.0 -15.0 0.5 0.0 0.0 ► 15.0
2 0.000366 -0.000003 -0.000038 0.000364 rtO1 -14.7 1.4 0.0 0.0 -14.8
3 0.000363 -0.000004 -0.000063 0.000359 -0.4 -14.1 2.3 0.0 0.0 -14.5
4 0.000358 -0.000006 -0.000087 0.000350 -0.7 -13.3 3.1 0.0 0.0 -14.0
5 0.000352 -0.000008 -0.000110 0.000339 -1.1 -12.2 3.7 0.0 0.0 -13.3
6 0.000345 -0.000010 -0.000130 0.000326 -1.6 -11.0 4.1 0.0 0.0 -12.5
7 0.000336 -0.000012 -0.000149 0.000310 ►2.0 -9.6 4.4 0.0 0.0 -11.6
8 0.000325 -0.000014 -0.000165 0.000293 -2.3 -8.2 4.4 0.0 o.o -10.6
9 0.000313 -0.000016 -0.000179 0.000274 -2.6 -6.8 4.2 0.0 0.0 -9.4
10 0.000300 -0.000019 -0.000190 0.000255 -2.8 -5.4 3.9 0.0 o.o -8.2
Page A-8
11 0.000286 -0.000021 -0.000108 0.000234 -2.8 -4.2 3.4 0.0 0.0 -7
12 0.000270 -0.000024 -0.000202 0.000213 -2.6 0 n1 2.8 0.0 0.0 -5
13 0.000253 -0.000027 -0.000203 0.000193 -2.3 -2.0 2.2 0.0 0.0 -4
14 0.000235 -0.000031 -0.000201 0.000173 -1.8 -1.2 1.5 oo 0.0 -3
15 0.000216 -0-000035 -0.000196 0.000154 -1.2 -0.6 0.8 0.0 0.0 -1
16 0.000196 -0.000039 -0.000187 0.000137 -0.4 i o NJ 0.3 0.0 0.0 -0
17 0.000175 -0.000044 -0.000175 0.000121 0.4 0.1 -0.2 0.0 0.0 0
18 0.000153 -0.000050 -0.000160 0.000109 1.3 0.3 -0.6 0.0 0.0 1
19 0.000131 -0.000057 -0.000143 0.000100 2.2 0.3 -0.8 0.0 0.0 2
20 0.000108 -0.000066 -0.000122 0.000094 3.0 0.3 -0.9 0.0 0.0 3
21 0.000084 -0.000077 -0.000100 0.000094 3.8 0.2 -0.9 0.0 0.0 4
22 0.000061 -0.000091 -0.000075 0.000100 4.4 0.1 -0.7 0.0 o.o 4
23 0.000036 -0.000116 -0.000048 0.000119 4.8 0.0 -0.5 0.0 0.0 4
24 0.000012 -0.000167 -0.000018 0.000167 5.0 0.0 -0.2 0.0 0.0 5
DISPLACEMENTS AND STRESSES AT SPECIFIED POINTS IN THE BODY.
I NT X CO-ORD Y CO-ORD UX UY SIGXX SIGYY SIGXY
1 5.0000 0.0000 0.000231 0.000000 -1.0 -5.6 0.0
2 8.0000 0.0000 0.000151 0.000000 -0.4 -5.2 0.0
3 11.0000 0.0000 0.000111 0.000000 -0.2 -5.1 0.0
4 14.0000 0.0000 0.000088 0.000000 -0.2 -5.1 0.0
5 17.0000 0.0000 0.000072 0.000000 01 -5.0 0.0
6 20.0000 0.0000 0.000062 0.000000 -0.1 -5.0 0.0
7 23.0000 0.0000 0.000054 0.000000 -0.1 -5.0 0.0
8 26.0000 0.0000 0.000047 0.000000 0.0 -5.0 0.0
9 3.5355 3.5355 0.000045 -0.000186 0.6 -5.6 0.4
10 5.6568 5.6568 0.000024 -0.000112 0.3 -5.3 0.2
11 7.7782 7.7782 0.000016 -0.000080 0.2 -5.2 0.1
12 9.8995 9.8995 0.000013 -0.000063 0.1 -5.1 0.1
13 12.0208 12.0208 0.000010 -0.000052 0.1 -5.1 0.0
14 14.1421 14.1421 0.000009 -0.000044 0.0 -5.0 0.0
15 16.2635 16.2635 0.000007 -0.000038 0.0 -5.0 0.0
16 18.3848 18.3848 0.000007 -0.000034 0.0 -5.0 0.0
17 0.0000 5.0000 0.000000 -0.000430 -0.2 -3.2 o.o
18 0.0000 8.0000 0.000000 -0.000275 -0.1 -4.2 0.0
19 0.0000 11.0000 0.000000 -0.000201 -0.1 -4.6 0.0
20 0.0000 14.0000 0.000000 -0.000159 0.0 -4.7 0.0
21 0.0000 17.0000 0.000000 -0.000131 0.0 -4.8 0.0
22 0.0000 20.0000 0.000000 -0.000111 0.0 -4.9 0.0
23 0.0000 23.0000 0.000000 -0.000097 0.0 -4.9 0.0
24 0,0000 26.0000 0.000000 -0.000086 0.0 -4.9 0.0
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APPENDIX B1 TYPICAL CALCULATION FOR WELDED AND NO-FRICTION CASES
E2 :=200 v2 : = 0 . 3 i : = 0. 8 EO. : = 2 - i + 2 4 ,-0.2.16 ^ » i g g
E0.{3-4*v2]*[l+v2] 5 - 4 "vOjj
' ~E2- 8  •[ l-vO j]*[ 1  +vOj]+[  8 - [  1 -vOjj] B(i.j)
_ E 0 ,{ 1  - 4 - v2]-[ 1  +v2]
[ M - i ]
E2*8 |l+ v O j ] [ 8 . |
M l
C,.
A,. ..■iLil
0.674
0.678
0.681
0.685
0.689
0.693
0.697
0.702
0.707
0.677
0.681
0.684
0.688
0.692
D.696
0.7
0.705
0.71
0.68
0.684
0.687
0.691
0.695
0.699
0.703
0.708
0.713
0.683
0.687
0.69
0.694
0.698
0.702
0.706
0.711
0.716
0.686
0.69
0.693
0.697
0.701
0.705
0.709
0.714
0.719
0.689
0.692
0.696
0.7
0.704
E0j{ 9 - 1 4 * v 2 ] ’[ l+ v 2 ] [ 1 1 - 6 - v O j ]
E 2 - 2 4 - ' [ M ]  [241
L -O jD-
M B
E0.I
D(U>
eojH[ 3 - 1 0 * v2 > [ 1 + v2] I1*
E 2 -2 4 * h-* 1 J>
[ 2 4 - |I1- ' “ i l l
-0.087 
-0.078 
-0.068 
-0.058 
-0.047 
-0.035 
-0.023 
-0.011 
0.003  
-0.088 
-0.078 
0.068  
-0.058 
-0.047 
-Q.036 
-0.024 
0.011 
0.002 
-0.088 
-0.078 
0.069  
-0.058 
-0.047 
-0.036 
0.024  
-0.011 
0.002 
-0.088 
-0.079 
0.069  
-0.059 
0.048  
-0.036 
0.024  
-0.012 
0.002 
0 .0 8 9  
-0.079 
-0.069 
-0.059 
-0.048 
-0.037 
-0.025 
-0.012 
0.001 
-0.089 
-0.079 
-0.07  
0.059  
-0.048
D.513
D-518
D.524
0.53
D.536
D.543
0.55
3.557
0.565
0.516
0.521
0.527
0.533
0.539
0.546
D.553
0.56
0.568
D.518
0.524
0.529
0.535
0.542
0.548
0.555
0.563
0.571
0.521
0.526
0.532
0.538
0.544
0.551
0.558
0.566
0.573
0.524
D.529
D.535
D.541
0.547
0.554
0.561
0.568
D.576
0.626
0.532
D.537
0.543
0.55
0.074
0.081
0.089
0.097
0.106
0.115
D.124
0.134
0.144
0.074
0.081
0.089
0.097
0.106
0.115
0.124
0.134
0.144
0.074
0.081
0.088
0.097
0.106
0.115
0.124
0.134
0.144
0.074
0.081
0.089
0.097
0.106
D.115
D.124
D.134
0.144
0.074
0.081
D.089
0.097
0.106
0.115
0.124
0.134
0.144
D.074
D.081
0.089
0.097
D.106
X0.1
0.12
3.14
0.16
0.18
0.2
D.22
3.24
0.26
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APPENDIX B2 TYPICAL INPUT PARAMETERS IN CALCULATION FOR BONDED
BIAXIAL INCLUSION (WELDED CASE)
Input material and geometric properties :
Et := 3 vl := o.* E 2 :=200  v 2 = o .3  v0 := o .2  « ;= o .. 8 E0; := 2 -i+ 2 4
ro t i - 1.. 10R2 := 20 R 0 = 2 2  R02 := ™  R20. = _L_
R02 .    „ . „r- := j'RO 0 := o
EO;
GO: :=
' [s 'h + v O ]]  [a * [ i+ v l  ] ]  [  a*[ 1+V2 ]]
GO. GO.
G01. : =  ; G02. .=  ! 10 = 3 -4 ^ 0  l 1 = 3 - » ‘vl i 2 : = 3 -4 - v2
Gt * G2 *
Calculation of A-matrix:
-1 1 0 0 0 O
0 0 -2 -R 021 0 0 - t
0 0 -R 02* -3 '■R20* 3-R201 1
J“R2Q“GQ2; [ l t “ 1j'R20“G01 j O 0 0 0
0 O [%] +l]*R02*G01; - [ j 2 - 3 ]‘ R20, *G0: [x l - 3 ] * R 2 0 , , G0; -2 #R20'
0 0 -[%1 - t ] - RO2-G0t; " { l2 + 3 ]"R20, , G0; [ j l  + 3 ]‘ R20*‘ GO; 2*R20*
0 1 0 0 0 O
0 0 -2 O 0 0
O 0 -1 0 3 0
0 [ U - -l]-G01; 0 0 0 0
0 0 [ X1*t]-G 01; 0 [ X1 - 3 ] ‘ G01; 0
0 0 - [ l1 - l]*G 0 1 ; 0 [x1+3]'G 01; 0
O -R 02Z 0 O 0 0
1 0 I?*R 02*
2
0 0 0
-1 0 I? -R 024
2
0 0 0
0 2“R02“GQ1j 0 0 0 0
2*R20'G01; 0 R02a*G01; 0 0 0
-2*R20*G01; 0 R02*‘ G01- 0 0 0
0 -1 0 0 1 0
1 0 -3
2
2 0 3
-1 0 I?
2
1 0 3
0 2‘ G01; 0 0 -2 0
2-G01; 0 G01j - [ i < H O
_2
“2‘ GOt; O GOl-■ [ i < H O -2
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The A-matrix is given by AA(i) as follows :
AA(i) = »«g»e»{a1 (i),C t2(i)]
The components of b-matrixare given by : 
b =[o 0 0 0 0 0 1 1 -1  jO- 1  2 - 2]
The solutions for the unknown coefficients are given b y :
x(i) '- AA^ i) ”^bb
Let bb := b- • . T
P2; =*(0l 
; = *01* 
M;
p i .  = x ( i ) i
82. =x(0s
PV-=lMl
p :-0
b2 = 0
#1; = x ( i ) j
52; :=»(«)( 
T°;
c2 := 0
Y2 ; = * (0 s  
d;
50; -*(!)„
q - 1
Calculation of stresses and displacements in concrete medium :
1) Radial stress
S l 00 i i )
(p + <t). , 0 ; ‘R°Z
2 . ['if 2 r l 1 r i *. f'i] [ri] .
0i[ 2'0]
2) Tangential stress
- Cp _ «*3*’i-afl..™!. *COs[ 2*0]
. h i ‘['if
3) Shear stress
si«[ 2*0 ]
4) Radial displacement
= ROytP-.f)[8-GO;] ♦ R0- (P *0 • [ S-GOj] 2*-J- +U2;{lO +l]*5? + 2 ^ .* M i
•i]
»s[ 2*0 ]
5) Tangential displacement
«t0f; Jl =-R0-iE_5l*[ 8*G0;J [•*[ 1° -1]*—  +2*^ 1 - 2^.* RQ 
' ,J' R° ' [ ' i f
's ii[  2*0 J
Page B-3
APPENDIX Cl Arrangement for Biaxial Loading of Concrete Slab 
Specimen (1000x1000x100mm) in Test Frame
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APPENDIX C2 Detail of Concrete Test Slab
DETAILS OF CONCRETE SLAB SPECIMEN
Notes:
a) All dimensions are in mm. Dimensions given for slab 
thickness of 150mm.
b) Nominal 8mm diameter steel reinforcement frame.
c) Chicken wire mesh provided at central 300x300mm location.
The wire mesh is to be tied up to the steel frame.
Page C-2
D e t a i l s  of the C o m p o n e n t  A a n d B f o r the 
C y l i n d r i c a l  S t e e l  M o u l d  B e f o r e  A s s e m b l y
20
55
60
D e l a i l s  of t h e  S t e e l  M o u l d  After- A s s e m b l y  
Notes :
(1) 4 identical parts of component A and component B are to be fabricated so that they can be connected to
fora a cylinder of total length 200m .
(2) Bolts size to be 5h  or nearest m .
(3) A steel plate 100m  square with 5ta thickness is  to be the base plate. Connection to the souId by seans
of dia bolts.
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Figure C3(iii) Suggested M ethod of Constructing Instrum ented  Hollow Epoxy Inclusion
mm
24 mm
/  032 m m 0 4 0 mm
Stage 1 First pour to form a hollow 
epoxy cylinder o.d. 32mm
Stage 2 Strain gauges attached 
on surface of cylinder
Stage 3 Second pour to form a
hollow cylinder o.d. 40mm
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APPENDIX D1 TYPICAL CALCULATION FOR BIAXIAL INCLUSION (Block 7)
Input values of moduli and Poisson’s ratios ( 1= glue layer, 2 = inclusion, 0 = concrete):
El := 3 E2 := 200 EO := 30 vl - 0.4 v2 := 0,3 vO := 0.2
R2 = radius of inclusion and RO = radius of hole
R2 := 20 R0 := 21 R02 := R"R2
Bulk moduli G and Lame's constants :
ElGO := G1 :=
[ 2 ■[ 1 + vO]] ' [2 *[ 1 + v l]]
$ .= 3 - 4 *v0 %1 := 3
G2 :=
R20 :=
E2
R02
G01 := GO
[2 •[ 1 + v2]] G1
vl x2 ;= 3 —4 *v2
G02 :=G2
Building of the A-matrix ;
-1
al :=
0
-2 - R02 
,2 ,2
0
0
3 ■ E202
-1
10 0 -R02 -3 *R20
-[■X2-1 ]*R20-G02 [xl-1 ]‘R20*G01 0 0 0 0
0 0 [xl+ 1 ]-R02-G01 -[%2-3 ]*R203 *G02 [xl-3 ]-R203 *G01 -2-R20-G02
0 0 -[xl-1 ]*R02*G01 -[x2+ 3]-R203 -G02 [*1+ 3]*R2Q3 -G01 2-R20-G02
0 1 0 0 0 0
[xl-1 ]-G01
-2
-1
[xl + 1 ]-G01 
-[ Xl-l]*G01
[xl “3 ]-G01 
[xl+ 3]*G01
a2 :=
0 2-R02 0 0 0 0
1 0 y ‘R0 2 4 0 0 0
-1 0 j - m 1 0 0 0
0 2-R02-G01 0 0 0 0
2-R20-G01 0 R023 *G01 0 0 0
-2-R20-G01 0 R023 *G01 0 0 0
0 -1 0 0 1 0
1 0 -32 2 0 3
-1 0 -32 1 0 3
0 2-G01 0 0 -2 0
2-G01 0 G01 -[xo+1 ] 0 -2
-2-G01 0 G01 [0 - 1 ] 0 -2
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Calculate the elements of the A-matrix : AA := augment[al ,a2]
The A-matrix is given by :
-1 1 0 0 0 0 0 -1.103 0 0 0 0
0 0 -2.205 0 0 -1 1 0 -1.823 0 0 0
0 0 -1.103 -2.721 2.721 1 -1 0 -1.823 0 0 0
-0.124 4.444 0 0 0 0 0 24.5 0 0 0 0
0 0 29.4 0.168 -16.125 -0 31 22.222 0 13.506 0 0 0
0 0 -4.9 -0.674 44.344 0 31 -22.222 0 13.506 0 0 0
0 1 0 0 0 0 0 -1 0 0 1 0
0 0 -2 0 0 0 1 0 -1.5 2 0 3
0 0 -1 0 3 0 -1 0 -1.5 1 0 3
0 4.667 0 0 0 0 0 23.333 0 0 -2 0
0 0 28 0 -18.667 0 23.333 0 11.667 -3.2 0 -2
0 0 -4.667 0 51.333 0 -23.333 0 11.667 1.2 0 -2
The equation to be solved is expressed in term of [A][x] = [b] where,
b := [o 0 0 0 0 0 1 1 -1 t o - l  2 -2] bb := bT x := AA_1-bb xx - x
The coefficients are :
xx ={ 1.305 i '094 ~ ° ' 887 °' 31 ° - 132 i -832 0,881 -0,192 0.673 -0.253 -0.286 -
p2 := Xj il := X3 82 := Xj 02 := 0 b2 := 0 c2 := 0
The stress concentration factors A and B are given b y :
A := 1 1
[ 2 *p2 ] [2-52]
1 1
[2*02] [ 2 *52]
A = 0.693 B = 0.073
Put K :=
The principal stresses are calculated from [S] = K*[s] where K is the matrix of stress 
concentration factors and [s] is the vector of measured secondary stresses obtained from the 
unloading test.
!
!
T
-0.047 )
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CALCULATED PRINCIPAL STRESSES FOR BIAXIAL INCLUSION (ROSETTE 2, BLOCK 7)
S450 :=
S400 :=
S350 :=
S300 :=
S250 :=
S200 :=
S150 :=
S100 :=
S80 :=
S60 :=
S40 :=
S20 :=
' 1.779 ■ 0.73 ‘
-6.917 S450 = -4.666
‘ 1.581 ' 
-6.148 S400 =
0.648
-4.147
*-> 
S
_“ 
LO1 S350 =
0.567 ' 
-3.629
' 1.186 ' 
-4.611 S300 =
0.487 ' 
-3.11
'0.9888'
-3.843 S250 =
0.406 ' 
-2,592
' 0.791 ' 
-3.074 S200 =
0.325 ‘ 
-2.073
' 0.593 ‘ 
-2.306 S150 =
0,243 ' 
-1.555
' 0.395 ' 
—1.537 S100 =
0.162'
-L037
r 0.316 
[-1.230 S80 --
0.13'
-0.83
_[ 0.237 
’[-0.922 S60 =
' 0.097 
-0.622
J 0.158 
[-0.615 S40 »
' 0.065 
-0.415
f 0.079 
[-0.307 S20 =
' 0.032 
-0.207
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APPENDIX D2 TYPICAL CALCULATION FOR STRESSES ESTIMATED FROM TRIAXIAL 
INCLUSION No. 1 IN BLOCK 1 (Strains at maximum load).
Epoxy modulus and Poisson's ratio E1 := 16 v1 := 0.4
Concrete modulus and Poisson's ratio E2 := 32.7 v2 •'= 0.2
Input the strain readings ezO := 33.4 e450 := 29.1 etO := 27.7
ez90 := 31.8 e4590 := -54.8 et90 := -102.8
ez135 := 26.1 e45135 := - 8.8 et135 := -49.2
ez0+ez90+ez135ez :=-----------------------
3
Determine the shear strains from measured normal strains.
X60 := (2 *e45Q -  ( etO + ezO)) )W0 = -(2*e4590-(et90+ez90))
y9135 := (2-e45135- (et135+ez135))
Calculate the K-factors
E i * [ 1 + v 2 1 
Put \ := —4 ------ —J
E2*[ 1 +V1 ]
:= 3 - 4 ‘v, K1 [ 1 -2*v1 +3,1 1 2
K2 := 2* ' - M 2] K3
1 + X ]
K4  ^~v2]‘[ 1 ~2‘v1 ]
[ 1 - 2 - v ,  +X
Calculate components of stress tensor. 
E,
o33 :=
[ k 1 - v2 *K4]
K1 "ez+— ‘(etO+et90)
o22 :=
2-K1 (4-K1-K2)
•((K1 + K2)*et0 + (K2-K1)*et90)
oil :=K4*c33
2*K1 ( 4 , K1*K2)
•((K2-K1)*et0 + (K2+K1)*et90)
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Tauxy : = ----- —  ■[E ,-e t135+o33-K 4-[a l l+o22]-K 11(2*K2) 1- 2 L J J
Tauxz := F r ^  ------•[-3-*^690 +y60 +^/2*y9135]
[ l 6 - [ l + v 2 ] -K3]
Tauyz :=
[ l 6 ‘ [ l + v 2 ] -K3]
-[ 3 -yeo -  yeso -  *y9135 ]
The stress tensor is given by
oil Tauxy Tauxz -2.51
Sigma := Tauxy o22 Tauyz o := Sigma*10 3 o = 0.191
Tauxz Tauyz o33 _ -0.268
The magnitudes and directions of the principal stresses are given b y :
q := eigenvals[o] q =
-2.549
0.47
-0.386
:= eigenvec^o, q0 j  m = e igenvec[a,q1 j  n
0.993 -0.099
= -0.082 m = -0.177
0.086 0.979
n =
0.191 -0.268 
-0.374 -0.133 
-0.133 0.418
eigenvecj^ a , q2 j
0.065
0.981
0.184
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APPENDIX D3 CALCULATION FOR CONCRETE TRIAXIAL INCLUSION (BLOCK 13)
OVERCORING RESULTS
Inclusion modulus and Poisson's ratio E1 := 32 v1 := 0.2
Concrete modulus and Poisson's ratio E2 := 32 v2 := 0.2
Input the strain readings ezO := 25.4 e450 := 78.6 etO := 11.9
ez90 := 16.2 e4590 := 18.3 et90 := 12.7
ez135 := 21 e45135 := -0.6 et135 := 13.4
ez := ez0+ez90+ez135
Determine the shear strains from measured normal strains.
y60 := (2 ■ e450 -  (etO + ezO))
Y6135 := (2*e45135-(et135+ez135))
Y®0 := -(2  • e4590 -  (et90 + ez90))
Calculate the K-factors
Put A := E'1
e4
X2 := 3 - 4 ‘v K1 := 1-vrv21-[l-2-Vi]•Vi+A]1 - 2 + V1 *v2
K2 := 2' M J K3 :=
1 + a]
f vi—v 2 1 *r i~2‘vtiK4 := -L 1  1------ t J L J + v 11 — 2 *v^ +A1 1
Calculate components of stress tensor.
e2c33 :=
[K 1-v2*K4]
K1 *ez+— *(et0 +et90)
022 W  + (4.KE12-K2),((K1+K2),et0 + ( K 2 ~ K 1 ) , e t 9 Q )
K4*n33 Eo
oil := ——    -■((K2-K1)*et0 + (K2+K1)«et90)
2*K1 (4-K1-K2) u  ' V ' '
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T a U X y  “  ^ 7 ^ * [ E 2 ‘ e t 1 3 5 + a 3 3 ‘ K 4 ~ [ ° l l + o 2 2 ] ‘ K 1 ]
Tauxz '=
[ 16 *[ 1 + v2 ] - K3 ]•[-3 *>800+760+ /^2*Yei3s]
Tauyz •=
[ l6 * [ l+ v 2]*K3]
■[ 3 “y80 — y690 — ^ 7/2 * y6135 ]
The stress tensor is given by
’ oil Tauxy Tauxz 0.743 -0.029 0.309 '
Sigma - Tauxy o22 Tauyz 0 = Sigma* 10"3 a = -0.029 0.721 1.392
Tauxz Tauyz o33 0.309 1.392 0.961
The magnitudes and directions of the principal stresses are given by:
q := eigenvals[o] q =
0.754
2.267
-0.597
I -  eigenvec^a, q0 j m '= eigenvec[ a, qt j n := eigenvec[ a , q2 j
-0.976 0.137 ' -0.171
= 0.219 m = 0.662 n = -0.717
-0.015 0.737 0.675
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APPENDIX D4 Strain Evolution Curves for Blocks No. 10-14
D ep th  mn G 1 G 2 G 3 G 4 G 5 G b G 7 G 8 G 9
0 0 .1 1. 7 1.2 -l 1.3 1.5 2 . 4 2 . 6 0
25 -3 -3 -1 0 0 . 4 -1 0.2 1.2 -0.9
50 -5 -1 -1 6 9 3 -1 3.6 2.7 -1.9
75 -4 -3 -1 15 5.3 -2 4.2 2.2 0
100 -6 -3 -2 20 6 . 9 -1 3 . 8 4 . 7 1. 9
125 -5 6.7 -1 23 10 3 6 . 9 11 2.1
150 3.1 14 3.9 24 13 12 7 . 3 19 25 . 8
175 17 16 11 28 15 21 8.9 23 28.7
200 22 21 16 31 16 25 9 . 5 33 39.8
225 23 25 25 36 25 33 10 36 46.2
250 38 24 26 45 27 34 11 37 54.5
275 46 25 28 42 26 35 11 38 55.8
300 47 26 34 43 27 40 13 39 56 . 3
Strain Evolution Curves for Block No. 10
Overcored Distances (mm)
----- ■----- G1
----- □----- G2
----- ♦----- G3
------o----- G4
------*----- G5
----- A----- G6
----- • ----- G7
----- O----- G8
----- X----- G9
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Depth »it G 1 G 2 G 3 G 4 G 5 G 6 G 7 c ot j  IJ G 9
0 0 1 4 1 0 9 2 1 2 5 1. 8 1. 9 1. 5
2 5 0 . 5 3 3 8 0.3 0 . 3 -3 1. 4 -2.5 -1
5 0 3 . 9 4 . 6 9 . 7 3 . 8 2.3 -2 4.5 4 . 6 1
7 5 4 .1 7 .1 9.3 9 3.1 -4 8.3 18.8 5.5
1 0 0 4 . 9 7.4 12 9 . 7 5.5 -4 14 37 . 5 12
1 2 5 5.1 8.4 20 10 8.6 1.7 18 52.3 22
1 5 0 16 17 33 14 13 . 9 19 16 35 . 7 26
1 7 5 18 23 48 15 26.3 30 17 9 . 2 23
2 0 0 19 37 51 16 39 . 6 70 20 -21 5 3
2 2 5 19 47 63 17 40 . 6 77 19 -52 -17
2 5 0 21 46 101 21 44. 3 99 21 -71 -30
2 7 5 19 53 139 22 44.6 103 17 -89 -42
3 0 0 23 57 148 23 47.3 102 12 -108 -49
Strain Evolution Curves for Block No. 11
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)e p t h  Bn G1 G2 G3 G4 G5 G6 G7 <n CO G9
1 0 0 . 7 1 . 1 1 .7 1 . 1 1 . 2 2 . 6 1.2 1 . 7 1 .2
25 2 . 5 2 . 3 1 . 9 4 . 7 5 2 4 2 . 5 1 . 5
P 50 5 . 8 2 . 3 3 10 12 4 5 . 7 5 . 5 0 9
75 7 .3 2 . 9 2 4 1 3 .  7 11 0 8 .4 11 0.6
100 12 4 . 9 3 .6 2 2 . 7 16 - 1 13 18 5 . 7
I 125 18 8 . 6 4 . 5 26 . 7 17 - 4 17 26 8 . 4
150 26 13 8 2 1 .  3 13 3 . 3 23 38 12 .2
26 13 14 1 6 . 3 28 28 20 42 16 .1
200 29 13 15 23 . 9 54 46 17 40 14 . 8
225 33 11 12 3 1 . 5 70 54 18 37 9 . 4
250 40 12 11 35 8 75 55 20 36 6
275 46 13 9 . 9 4 2 . 6 79 56 24 34 8.1
300 47 12 11 43 . 3 76 54 24 34 7 . 3
Strain Evolution Curves for Block No. 12
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Depth mm G1 G2 G3 G  A G5 G6 G7 G8 G9
o 0.7 1.9 1.4 1.1 1.1 1.9 2.5 2.8 2
25 1.4 6.5 6 0.9 1 1.4 2.6 2.1 1.3
50 1.1 12.9 15.4 3 7 2.8 2.6 3 1.4 2.4
75 1 18 7 30.8 2.9 3.7 3.1 0 1.1 2 7
100 -25 255 48.9 3.2 6.8 3.3 -4 4.1 3.1
125 -4.6 36.7 72 5.9 8.2 3.2 -7.5 4.8 3.3
150 -6.2 56.4 104.5 6.5 7.3 3.5 -7.9 5.1 2.6
175 -7.3 722 104.9 8.2 4.4 2.6 -29 5.7 1.4
200 -2.4 75.9 105.8 9 9 4.9 2 -4.9 6 18
225 6 74.8 106.7 12.3 6 3.3 0.6 6.1 2.2
250 19 75.6 116.3 13.2 8.9 6.5 2.5 9.5 7.6
275 252 78.1 117 14.1 13 9.2 3 9.9 11
300 254 78 6 119.6 16.2 18.3 12.7 2.1 11.2 13 4
Strain Evolution Curves for Block No. 13
Overcored Distances (mm)
---■--- G1
---O-- G2
----- ♦--- G3
---0--- G4
---*--- G5
---a--- G6
---•--- G7
---o--- G8
---X-- G9
Page D-ll
Depth mm G1 G2 G3 G4 G5 G6 G7 G8 G9
0 - 0  . 8 1 . 2 1 . 8 2 . 3 2 . 2 00 2 . 3 1 . 6 0
25 0 0 . 6 0 2 . 3 3 . 6 5 . 6 3 . 4 2 . 5 - 3  . 3
50 2 . 7 2 . 5 8 4 8 . 5 5 . 4 7 . 2 6 . 1 - 2 - 5
7 5
7 4 . 7 1 9  . 9 1 7  . 7 9 . 5 6 . 5 8 . 7 - 2  . 8 6 . 7
100 8 . 8 6 . 2 3 4 2 6  . 8 1 2  4 5 . 3 8 0 . 5 1 8 . 7
L 1 2 5 1 4 . 3 1 1 . 7 6 2  . 8 4 0  . 8 1 9  . 6 1 0  . 8 8 . 5 1 5 4 4  3
150 1 2 . 9 1 9 . 1 1 0 7  . 1 3 8  9 2 9  4 3 1  8 8 . 4 5 7  . 2 8 7  . 3
175 1 1 . 7 3 1  . 1 1 1 6 . 9 3 3  . 8 4 5  . 9 5 5  . 8 1 0  . 3 7 0  . 7 1 0 1  . 9
200 1 6 3 3  . 4 1 1 3 . 9 2 9  . 2 4 6  . 1 5 8  . 3 1 4  4 5 7  . 5 1 0 9  . 9
225 2 0  . 6 2 6  . 1 1 1 4  . 8 2 3  . 7 3 2  . 8 4 5  . 9 1 4  . 5 5 0 1 0 9  . 5
1 n r  n
2 6  . 5 1 9 . 5 1 1 9 . 7 1 9 . 3 2 9  . 5 4 0  . 7 1 6  . 1 6 1  . 9 1 1 0 . 9
275 2 7  . 7 1 6  . 6 1 2 0  . 9 1 4  . 1 3 0  . 7 4 3 . 4 1 7  . 3 6 2  . 6 1 0 4  . 9
| 300 3 2  . 1 2 4 1 2 4  . 7 1 8  . 3 3 8  . 4 5 0  . 4 2 0  . 7 6 4  . 2 1 0 9  . 3
Strain Evolution Curves for Block No. 14
Overcored Distances (mm)
---a-- G1
---□--- G2
----- +-- G3
V G4
---A— - G5
---is-- G6
---•--- G7
---O--- G8
---X--- G9
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APPENDIX D5 Typical Stress Calculation for Slab S2
Epoxy modulus and Poisson's ratio E1 := 3.45 v1 := 0.4
Concrete modulus and Poisson’s ratio E2 '• = 37 v2 := 0.18
Input the strain readings ezO -  -115 e450 '•= -15 etO •= -10
ez90 := -140 e4590 := -60 et90 := 25
ez135 := -105 e45135 := -95 et135 := 85
_ ez0+ez90+ez135 ez -
Determine the shear strains from measured normal strains.
y90 := (2 ■ e450 -  ( etO + ezO)) yQSO := -(2 *e4590 -(e t90+ ez90 ))
#35 := (2*e45135-(et135+ez135))
Calculate Lame's constants :
E 1 ‘
[ 1 + v 2 ]
E 2 J[ 1 + V l J
X := -----=------- =. y2 — 3 4*v2
Calculate the K-factors:
f1 -V r V2 i r 1 - 2 - V j iK1 := l- r  1— — +V1 *'
[ l - 2 * v 1+x]
K2 := 2- 1+X ■*]
[<+»]
_f vn _v2i*r i_2*viiK4 := -± 4 — — ------rJ J +v1
[1 -2*
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Calculate components of stress tensor.
The normal components:
E 2
o33 := =-------- --------■ K1 ‘ ez+— • (etO +et90)
[ k 1 - v 2 -K4J 2
K4vs33 +----- 2^----- .((Kl+K2)*et0 + (K2-K1)*et90)
2-K1 (4-K1-K2) u  ‘ v '
oil :=  f -*((K2-K1)'et0 + (K2 + K1)‘et90)
2-K1 (4-K1-K2) u  ' 1 ' '
The shear components:
Tauxy :=--—  •[E,*et135+o33‘K4-[cll+o22]*K1
y (2* K 2 )  L 2 l j
Tauxz := = r ^  -- *[-3 *ve90+>60+^2-yei35]
[ 16-[ 1 + v2 ]-K3]
Tauyz := r r E— = • [ 3 -y60 - y690 - ^  • -(613S ][ 16*[1 +v2]'K3]
The stress tensor is given by
oil Tauxy Tauxz -0.377 -0.874 -0.339 "
Sigma = Tauxy o22 Tauyz - 3o := Sigma *10 o = -0.874 -0.771 1.1
Tauxz Tauyz o33 -0.339 1.1 -4.647.
The magnitudes and directions of the principal stresses are given b y :
q := eigenvals[o] q =
0.505
-1.36
-4.94
v := eigenvector] w := e ig e n v e c to r  ] 
x := eigenvecto, q2|
-0.727 " 0.686 ' 0.024 "
v = 0.66 w = 0.708 X = -0.25
. 0.189 0.166 0.968
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APPENDIX D5 Typical Stress Calculation for Slab S4-3
Input the measured strains encapsulated unit (in order from e1 to e10): 
Strain := (-30 -33 -13 -46 -16 -54 -124 55 -129 29) e = Strain 1
Input and calculate elastic properties (0=concrete, 2=inclusion): 
EO '■= 38.1 vO := 0.18 E2 := 16 v2 := 0.4
nO := 1 +\0 n2 := 1 +v2
a fv0-v2l m0 := L J[l-vO] m2 := [1L J [ l - \ 0] nO
M : = r 1 -voi
1+ [ l - 2‘v2]*— •— 
L J E2 nO
N := 2* 1-vO]
3-4-v0 +E0.n2
E2*n0
. (m2*M + n2*N)+vO*v2
E2 "EO"
(m2-M -  n2*N) +v0*v2 
E2 EO
C : [ mO-M -vOj
EO
S := 4*n0
EO
T := 4*n2'N
E2
Calculate components of stress tensor:
ex := e7 ey := s9 ez
e6 + e8
ezx := eyz := s3-e2 exy = 65-24
-A -B -c '
ex
K : = -B -A -cLet ee := ey and
\0 \0 -1
EO
ez
E0 E0
The normal stress components are :
r - 0 .31 l
o := K"1 *ee-10 0.152
4.791
The shear stress components are : 
Tauxy exy , „-3 __ -ezx . - -3—i*10 Tauzx :=------ *10 Tauyz := - ^ * 1 0  3
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The stress tensor is given b y :
°o Tauxy Tauzx -0.31 0.338 -0.024
Q := Tauxy °1 Tauyz Q = 0.338 0.152 0.266
Tauzx Tauyz -0.024 0.266 4.791°2 .
Calculate the magnitude and directions of principal stresses :
q := eigenvals(Q) q =
-0.493
0.319
4.806
I := eigenvec[ Q , q0 ] m := eigenvec[ Q , q1 ] n := eigenvec[ Q , q2]
-0.881 ' 0.474 " -9.553-10-4
0.473 m = 0.879 n = 0.057
-0.028 -0.05 0.998
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